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INTRODUCTION 
Nature of the Problem 
1 
Iron and mangane se are common contaminates in wa ter supplies and 
have been s tud ied extens ive ly. The na ture of the problem is we ll-
summarized by Stoebner ( 2 1 ) : 
Iron and manganese are relat ively abundant e lements 
in the earth's continental crus t ,  exis ting in s o i l s  
prima r i ly a s  inso luble fe rri c and mangani c  compounds such 
as Fe 2o3 , Fes2 , and Mno2 • • • • Even though those compounds 
are no t dis so lved by pure rain wa ter , they will be 
dissolved by groundwater under ce rtain cond i tions . In 
the so il , carbon dioxi de ( C02 ) is released as a by­
product of the bac ter ial de composition o f  organic 
mat ter • • • •  The carbon dioxide is then abso rbed by the 
groundwa ter and exi s ts in equilibrium wi th carboni c  
acid • • • •  Under anaerobic condit ions the iron- and 
manganese-bearing materials are reduced by the s l ight l y  
a c i d i c  wa ter t o  thei r  soluble fe rrous and manganous 
fo rms: Fe ( HC03) 2, Feso4 , FeC12 , Mn( HC0 3 ) 2 , MnS04 , and 
MnC1 2 • • • •  Since iron and manganese wi ll remain soluble 
only in the absence of dissolved oxygen , groundwaters 
usual ly cont ain much highe r concent ra tions of these  
me tals than do surface wate rs. . . .. Howeve r ,  once 
groundwater is exposed to oxidat ion, the soluble fe rrous 
( Fe+2 ) and manganous (Mn+2 ) compounds wi ll be converted 
to fe rric ( Fe+3) and manganic (Mn+4) precipi tates such as 
Fe( OH) 3 and Mno2 • • • •  
In it s 1 962  water quali ty standards , the Uni ted 
States Public Health Se rvice ( USPHS) recommended maximum 
iron and mangane se concent rat ions of 0 . 3  and 0 . 0 5 mg/ 1  
respect ively  • • • •  Furthe rmore , the goal of the American 
Wat e r  Wo rks Ass ociat ion (AWWA) is to maintain levels of 
i ron and manganese below 0. 05 and 0 . 0 1 mg/ 1  
res pe c t ive ly • • • •  Since both elements are ne ces sary fo r 
human nut rit ion and since their intake through d rinking 
wa te r is an ins igni f i cant fract ion of the body's 
requ irement , iron and manganese are limited for es the t i c  
and economi c reas ons rathe r  than because o f  phys io logi cal 
hazards • • • •  
The presence of iron and manganese in concentrations 
exceeding the USP HS drinking water standards is 
obj ectionable for the following reasons: 
1. The precipitation of iron and manganese alters 
the appearance of water, turning it a turbid 
yellow-brown to black • • • •  
2 .  The deposition of these precipitates will also 
cause brown to black stains on laundry and 
porcelain plumbing fixtures • • • •  
3 .  I ron and manganese deposits in water mains are 
frequently resuspended by increased flow rates, 
resulting in high turbidities •••• 
4. Several groups- of higher bacteria (including 
Crenothrix and Leptothrix) have the unique power 
to consume dissolved iron as food. Colonies of 
these bacteria will, in turn, reduce the 
effective area of distribution pipes, clog 
meters, and obstruct valves • • • •  
5. When these microorganisms die and slough off, 
taste and odor problems may occur • • • •  
6 .  Iron and manganese themselves, in concentrations 
greater than a few milligrams per liter, will 
impart a metallic or bitter taste to water • • • • 
7 .  I ron- and manganese-bearing waters may impart a 
disagreeable color or taste to beverages and may 
form a dark deposit on vegetables during 
cooking • • • •  
8 .  Water containing iron and. manganese is 
unsuitable for many industrial processes 
including paper manufacturing, dyeing, 
bleaching, and film processing • • • •  
2 
Scope and Obje ctives 
The water supply for the Ci ty of Brookings is treated by wate r 
treatment plants located on the north and on the east s ide of town . 
The eas t water treatment plant is supplied by three we lls and has a 
maximum des ign capaci ty of 4 mgd ( 1 5 , 140 m3/day ) . De s igned for iron 
and mangane se removal , partial sof tening , stabi l i ty cont rol , and 
dis infection , the plant includes the following processes : ae ration , 
lime sof tening , alum coagula tion , recarbonation , potas s ium 
permanganate oxidation , po lyphosphate treatment , f i ltrat ion , 
chlorination , and fluoridation . 
3 
The eas t plant is producing a stable water based on the Langlier 
Saturation Index ( 2 2 ) . USPHS recommended limi tations for iron and 
manganese also are being met . However , in an attemp t to reduce 
chemical cos ts , Quail performed a pilot s tudy at the east plant to 
prove whe ther or not the desired treatment could be achieved us ing 
only aeration , potassium permanganate oxidat ion , and f i l tration. The 
s tudy indicated the treatment scheme could not produce a water 
meeting the recommended limi ts for manganese . Addi�ional pilot work 
was recommended .  
Repor ted herein are the resul ts of a manganese greensand pilo t 
s tudy whi ch supplements the work performed by Quai l .  In this s tudy , 
the treatment scheme used by Quail was modified by replacing the No . 
1 anthraf ilt coal wi th manganese greensand . The research obj e ct ives 
of thi s study were to : ( 1 )  de termine whether or no t the water 
quality requirement ,  in terms of manganese , could be met us ing 
e 
manganese greensand; ( 2 )  de termine whether greensand fil tration is 
economically practicable; and ( 3) determine any s imi lari ties be tween 
the operation of greensand filtration beds and act ivated carbon 
f i lt ration beds . 
4 
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L ITERATURE REVIEW 
Manganese Greensand 
Genera l  
Manganese greensand i s  used a s  a filter medium fo r removing iron 
and manganese as well as hydrogen sulfide from groundwater supplies . 
It is  a purple-b lack media proces sed from glauconi t i c  greensand . 
Manganese greensand can be used in an open gravi ty or closed pres sur e 
filter sys tem ( 1 4 ) . The two modes of operat ion are as fo l lows : 
( 1 ) intermi t tent regenerat ion, recommended for predomina tely 
manganese-containing wa ters; and ( 2 )  continuous regeneration, 
recommended for p redominately iron-containing waters ( 2 3 ) . 
Commerical Preparat ion 
Glauconi te is the natural mineral used in the prepara tion of  
manganese greensand . Because glauconite is green when d ry and 
g ranular like sand , it also is cal led greensand ( 2 ) ( 1 8 ) .  In the 
Uni ted States , the mineral is mined in Delaware where the depos i t s  
are eas i ly access i ble and very large . At some points, the greensand 
beds are 1 50 meters thick ( 1 6 ) . 
The base material for manganese greensand, glauconi te, is very 
complex ( 1 8 ) . An x-ray fluorescence analys is produced the resul t s  
shown in Table 1 .  Be cause glauconi te has the proper ty o f  exchanging 
cations, it has been used as a f il ter med ium for sodium zeoli te 
softeners ( 1 7 ) .  In recent ye?rs, however, synthetic  resins wi th 
highe r exchange capaci ties have replaced greensand as a sof tening 
med ium ( 2 ) . . 
Table 1 .  Chemical Analys is of Glauconi te  ( 1 5 )  
Compo s i t ion 
Cons t ituent Percentage 
Si02 49 . 9 2  
Al 2o3 7 . 09 
Ti02 0 . 1 1  
Fe 2o3 2 2 . 94 
MnO 0 . 06 
P2o5 0 . 80 
CaO 1 . 44 
MgO 3 . 7 6 
Na2o 0 . 0 5 
K20 7 . 1 5 
H2 o 6. 7 2  
1 00 . 07 
Manganese greensand is prepared indus t rial ly by t reating 
glauconi te wi th MnC1 2 or MnS04 and KMno4 as fo llows ( 7 ) ( 1 2 ): 
Na2z + Mn* 
MnZ + KMn04 
+ MnZ + 2Na+ ( 1 )  
( 2 )  
6 
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Al though the spe c i f i c  de tails of this process are trade secrets of 
the Inve rsand Company , Aiello , Nas t ro ,  and Co l l e l la did provide a 
methodology for making experimental samples of mangane s e  greensand. 
In the ir s tud ies , four natural glauconi t ic materials we re compared 
for the i r  iron removal capaci t ies . Prior to the tes t s , each 5 gram 
sample was placed in a separate fi lter providing a bed depth of 25  mm 
and a diame ter of 20 mm . Then the various media were washed , trea ted 
wi th 0 . 7 li ters of 1 M MnC1 2 , washed again,  and f i na lly t rea ted with 
0 . 7  li ters of 5 g/ 1 KMno4 at  a flow rate of 0 . 4  m/h .  The resul t s  of 
t he ir compara t i ve experiments revealed the bed dep th service t ime of 
the various med i a  for iron removal was dire c t ly re lated to the amount 
of manganese exchanged and oxidi zed by MnC1 2 and KMno4 , respect i ve ly 
( 1 5 ) . These re la t ionships support  Equat ions 1 and 2 .  
Physical Prope r t ies 
The phys ical characteris tics of manganese greensand are 
summari zed in Table 2 .  
Table 2 .  Phy s i ca l  Characteris t ics of Mangane se Greens and ( 2 3 )  
Physical form 
Shipping we ight 
Screen grading ( dry ) 
Ef fect ive size 
Uniformi ty coe f f i cient 
Black, nodular granule s 
85 lbs / f t 3 ( 1 3 60 kg/m3 ) 
1 8  to 60 mesh 
0 . 30 to  0 . 3 5 mm 
1 . 40 to 1 .55 
Hydraulic Characteris tics 
The headloss through a 1 2-inch ( 30 . 5  em) layer of manganese 
greensand is shown in Figure 1 for various flow rates .  On a log-log 
plo t , headlo�s increases linearly as the flow rate increases . In 
Figure 2 ,  the relationship be tween backwash rate , temperature , and 
bed expans ion is presented. On a rectangular scale , there is a 
linear re lationship between backwash rate and temperature for each 
range of bed expans ion . 
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Figure 2 .  Bed Expansion During Backwash ( 2 3 )  
Intermi ttent Regeneration 
His tory 
The firs t successful intermi ttent regeneration iron and 
manganese removal filter was operated at Glogau , Germany , in 1908 . 
An artifi cial alumina silicate treated with a dilute solut ion of 
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manganous chloride and a 2 to 3 percent solution of  permanganate was 
the filter medium . Wheneve r the bed became inac tive , it  was 
regenerated wi th permanganate . Development of the artificial alumina 
s ilicate by R. Gans followed research studies inve s t igat ing the 
cat ion exchange capacities of zeolite soils . This material also was 
the firs t zeolite used commercially in the removal of hardness from 
water supplies by exchanging iron , manganese , calcium,  and magnesium 
for sodium (3 ) .  
Application 
The intermi t tent regeneration filter sys tem with manganese 
greensand can be very succes sful when properly applied . It is 
recommended for well waters where only manganese or manganese wi th 
low concentrations of iron are to be removed ( 23 ) . Generally , its 
use is limited to indus trial or municipal water supplies wi th iron or 
· manganese concentrations less than 1 mg/1 and filtration rates les s 
than 3 gpm/ft2 (0 . 1 2 meter/min) ( 1 ) ( 9 ) ( 8 ) . 
Chemis try 
The removal of iron and manganese by the intermi ttent 
regeneration process is unique because the manganese greensand is 
bo th the oxidizing and fil tering agent ( 1 ) ( 8 ) . Chemi cally, the 
manganese dioxide coating the filter medium removes the so luble iron 







Mn +++- "' 
Mn++++-l-
( 3 )  
The preceding reaction wi ll continue until all o f  the manganese 
dioxide in the bed has been reduced to lower oxidation states of 
1 1  
manganese . At this point, breakthrough of so luble i ron and manganese 
occurs . Bed depth service time has been found to be inversely 
related to inf luent concentration and flow rate ( 1 5 ) . The 
breakthrough, however, can be prevented by batch-regenerat ing the bed 
at prede termined intervals with KMn04• The permanganate raises the 
manganese to a higher oxidation sta te as follows ( 7): 
+ ( 4 ) 
The amount of KMn04 necessary for comple te regeneration has been 
found to depend on the age of the media . This occurs as the iron and 
1 2  
manganese removal capaci ty of new manganese greensand increases from 
. 034 lbs /f t 3 ( 0 . 54 kg/m3) to about . 07 1  lbs /ft 3 ( 1 . 14 kg/m3) .  As the 
bed become s conditioned , proportionately more KMn04 is  required-­
rising from one ounce per cubic foot ( 1  kg/m3) to about two ( 2kg/m3 ) 
( 2 ) . 
ape ration 
A manganese greensand filter bed is very similar in operation to 
a zeolite water softener . However , ins tead of using NaCl , the 
manganese greensand is regenerated wi th KMn04 • As s tated previously , 
the bed should be regenerated before a soluble iron and manganese 
breakthrough occurs . The sequence for regenerating includes 
backwashing , regenerating
_
with KMn04 , and rinsing . This procedure 
requires approximately one hour ( 2 ) � Backwashing is occas ionally 
augmented wi th airwashing and in some ins tances the KMno4 is 
conserved by recirculating the rinse water ( 2 ) ( 23 ) . Backwashing 
should be performed whenever the differential across the filter bed 
reaches 7 to 8 psi _( 49 22 to 5625 kg/m2 ) ( 1 ) . Operating cri teria have 
been sugge s ted by the Inversand Company and are summarized in Table 
3 .  
Disadvantages 
There are some unfavorable aspects of intermi t tent regene ra-
tion. Firs t ,  because the manganese reacts dire c t ly with the 
manganese dioxide coating the greensand , bed growth can occur . In 
some ins tances the growth has been very rapid for high manganese 
waters . One plant reported a media depth increase from 30 to 50 
inches ( 76 to 1 27 em) and a density decrease from 85 to 62 lbs / f t3 
( 1 36 2  to- 993 kg/m3 ) in one year of operation. For this particular 
plant , the media l i fe expectancy was only 3 years ( 2) - .  Second , 
soluble mangane se leakage has been a problem for this process . 
Third , uneconomi cal was ting of KMn04 can occur during regeneration 
( 7 ) . 
Table 3 . Sugges ted Operating Cr iter-ia For Intermi t tent 
Manganese Greensand Exchange/ Filtration Bed ( 23 ) 
1 .  pH range : 6. 1 - 8 . 5  
2 .  Maximum temperature : 100° F 
3 . Maximum pres sure drop : 12 psi (84 37 kg/m2 ) · 
4 . Backwash rate : sufficient to produce approximately 40% bed 
expansion 
5 .  Filtration rate : 2-5 gpm/f t2 ( 0 . 08 - 0 . 2  m/min) 
6 .  Minimum greensand dep th:  24 inches ( 6 1  em) , 18 inches 
( 46 em) for dual beds 
7. Regeneration : 
( a )  
( b) 
( c )  
( d )  
(e ) 
( f ) 







dosage , 1 . 5  - 2 . 0  oz . / f t 3 ( 1 . 5-2 . 0  kg/m3 ) 
so lution strength,  2-4 oz . /gallon ( 1 5-30 kg/m3 ) 
regeneration rate , 0 . 25 gpm/ f t 3 ( 0 . 03 3m3/min/m3 ) 
regeneration t ime , 30 minutes opt imum 
regenerat ion volume , 7 . 5 gal / f t 3 ( 1  m3/m3 ) 
rate , 1 gpm/f t 3 ( 0 . 1 3 m3/min/m3 ) 
Rinse volume , 40 gal/ft3 ( 5 . 35 m3/m3 ) or unt il  all 
traces of KMn04 are gone 
1 3 
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Cont inuous Regeneration 
His tory 
In 1960 , the Carus Chemi cal Company developed a process for 
continuous ly regenerating the manganese greensand bed (7) . The 
research centered on the problem of iron and manganese leakage whi ch 
some times occurs in treatment plants using sand or manganese 
greensand filters wi th or wi thout preaeration . It was fel t  that an 
addi tional oxidizing agent added prior to the f i l ters might solve the 
problem . Chlorine , hydrogen peroxide , and potas s ium permanganate 
were trie d .  Ear ly in the tes ting , po tas s ium pe rmanganate was found 
to rapidly oxidize the soluble iron and manganese . Ini tially , any 
KHno4 dose which changed the color of the t reated so lution appeared 
to comple�e ly oxidize the iron and manganese . Continued runs , 
however , revealed different dosages of KHn04 produced differen t 
results . Under treatment resul ted in soluble manganese leakage and 
overtreatment produced a pink effluent indicating the presence of 
soluble permanganate ions . Between the two extreme s , the finished 
filtered water was free of iron and manganese ( 1 1 ) .  
Applicat ion 
When properly applied , the continuous regeneration process us ing 
KMn04 and manganese greensand will typically provide an e f f luent wi th 
less than 0 . 1 mg / 1  iron and 0 . 0 1  mg/1 manganese ( 2 ) . Normally it is 
used when iron removal is the primary obj ective , although it still 
works when manganese is present ( 23 ) .  For example , in one case the 
process had been success f ul ly used to treat wa ter wi th an iron 
concent ra t ion of 18 mg/ 1  and a mangane se concentrat ion of seve ral 
mi l l igrams per l i ter ( 2 ) . 
Even though the process  can be appl ied to almo s t  any iron 
removal problem , tests always should be conducted to insure its 
success and feas ibi l i ty for each speci f ic wat e r  and treatment scheme 
be fore des igning a plant ( 5 ) .  For ins tance , continuous regeneration 
is ine f fect ive for wa ters wi th  low total dissolved solids ( 1 1 ) ( 1 2 ) . 
Ficek outlined the fol lowing predes ign me thodology: ( 1 ) obtain a 
comple te and re liable water analys is , ( 2 )  de te rmine the chlo rine and 
permanganate requirements , ( 3) t reat water through a manganese 
greensand labo ratory column , and (4) conduct a pilo t s tudy (20) . 
Chemi s t ry 
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The me t hod o f  iron and manganese oxidation and removal by the 
continuous regene ration process is s lightly d i f ferent than the 
intermi t tent regenerat ion process . For continuous regene ra tion , the 
KMno4 chemical feed- rate is adj us ted to comple t e ly oxid ize the 
soluble iron and mangane se ions before they reach the manganese 
greensand f i l ters . Compared to intermi t tent regeneration,  the 
continuous regene ra tion process is more effect ive be cause KMno4 has a 
higher oxidat ion po tent ial than Mno2• Also , liquid- liquid phase 
homogeneous react ions generally are much fas ter than liquid-solid 
phase he te rogeneous reactions ( 7 ) . The oxidat ion by KMno4 occurs in 
accordance wi th the following equat ions ( 4 ) ( 1 1 ) : 
+ 
+ 
+ SMn02 + 2KHC03 + 4H2co3 
5Mno2 + �so4 + 2H2so4 
( 6 ) 
( 7 )  
Theore t i cally one part  o f  KMn04 wi ll oxidize 1 . 06 par t s  of iron or 
0 . 52 parts of manganese ( 7 ) ( 1 4 ) ( 20) . Al though the KMn04 demand may 
be higher if hydrogen sul f ide and organics are present , the dosage 
ne cessary to oxidize so luble iron and manganese gene ral ly is less 
than the theore t ical requi rements because of the secondary react ions 
which occur with manganese dioxide ( 6 ) . According to Eikleberry , 
these secondary react ions include the fo llowing ( 7 ) :  
Mn++ + Mno2 • 2H2o. + Mn2o3 • x( H20)  t (8) 
2Mn ++ + Mn02 • 2H2o + Mn3o4 • x( H20 )  "' ( 9 ) 
or 
2Mn++ + Mn02 • 2H2o 
+ MnO • Mn203 • x ( H2o )  1- ( 1 0)  
Fe++ + Mno2 + 
+++ Fe 1- + Mn2o3 1- ( 1 1 )  
Morgan and Stumm describe the reactions as be ing a sorpt ion or ion 
�xchange react ion where hydrogen ions are re leased as the me t al ions 
become absorbed ( 24 ) . The adsorpt ion has been found to  be s t rong ly 
dependent on pH as indicated in Figure 3. 
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Figure 3. M�( II) Sorption by Mno2 as a Funct ion 
of pH (24) 
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As opposed t o  an ordinary filter , manganese greensand serves the 
special purpose of ac ting as a buffer . If the KMn04 feed rate is too 
low , the ions of iron and manganese are removed by the Mn02 coating 
the greensand as expres sed by Equation 1 2 .  If the KMn04 feed rate is 
too high , the KMn04 is consumed by the fil ter contact bed in 
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( 1 3 )  
Al though the glauconite used to prepare manganese greensand i s  a 
natural zeoli te , sof tening does not occur in the proce s s . Wi th the 
exception of iron and manganese , it  has a minimal e f fect on othe r  
cations and anions . The treatment effectiveness o f  a continuous ly-
regenerated greensand sys tem at Hacketts town , New Jersey i s  
illustrated by Table 4 . Only iron and managanese we re removed .  
Table 4 . Analyses of New We ll Supply at Hacke t ts town , 
November 1 ,  1962  (10) 
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Carbon dioxide (as co2) 
Silica ( as Si02) 
Total iron (as Fe) 
Total mangan�se (as Mn) 
To tal hardnes s  
pH 
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13 . 0  
1 . 7 
349 
7 . 2  
1 5 6  
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0 . 05 
0 . 0 
348 
7 . 2 
!Expressed as eaco3 unless otherwise noted 
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Ope ration 
During ins tallation , the Inve rsand Company recommends removal of 
the upper one-inch of manganese greensand fines after the media has 
been thoroughly backwashed. The manufacturer ' s  l i te rature states 
this is especially important when anthraci te coal is placed on top of 
the greensand ( 23) . The American Water Works As sociation asserts 
that "each material shall be washed and scraped or skimmed as deemed 
necessary to remove excess fine materials before the next material is 
ins talled ( 2 6) ." 
There appears to be a difference of opinion as to whe ther or not 
the manganese greensand should be regenerated immediately af ter media 
placement . The supplier , Inversand , sugges ts media regeneration 
prior to use ( 2 3 ) . 
Al though the manganese greensand is thoroughly regen­
erated before shipment , it  is necessary prior to use 
to regenerate wi th potass ium permanganate solution 
contac ting the bed for approximately one hour . 
Usually 2 oz . of potass ium permanganate per cubic 
foo t is adequate . 
Wilmarth , however ,  sugges ts newly ins talled manganese greensand 
should be operated for 10 hours wi thout feeding KMn04 because the 
media is shipped fully regenerated ( 1 ) . With this me thodology , the 
greensand is allowed to act as a buffer regulating overdoses and 
underdoses of KMn04• 
Potass ium permanganate dosage requirements can be approximated 
using j ar tes t s . This information then can be applied to the 
operation of a pi lot unit  or an actual plant . The literature is in 
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unanimous agreement that the KMno4 feed rate shoul d be adj us ted to 
the point whe re a s l ight increase produces a p ink wa t e r. The 
recommended locat ion for moni toring the permangana te , however ,  varies 
wi th the preference of the au thor . For ins tance , Eikleberry , Swope , 
and We lch pre fer  sampl ing above the filte r medium ,  be tween the 
anthraci te coal and manganese greensand , and at the bott om of the 
f i l ter me d ium ,  res pect ive ly ( 7 ) ( 1 9 ) ( 1 3 ) . If the f i l t e r  is ope rat ing 
prope r ly , " pink water" in the trea ted water supply should no t 
occur. But if con t inuous moni toring is des i red , �olor ime t ri c  
analyzers are available wi th the capabi l i ty o f  moni toring KMno4 
res iduals  down to  0 . 0 1  mg/ 1 ( 1 4 ) ( 20 ) . 
The opera t ing sequence for backwashing is wash ,  rinse , and 
return to se rvice all requiring about 20 minutes . If the washing is 
pe rformed wi th f i l tered wate r ,  the rinse cycle can be omi t ted ( 2 ) . 
Backwashing will probably be nece ssary at leas t eve ry two days , and 
air washing when included should be used at leas t once a week (4 ) .  
Wash wa ters should be directed t o  set t ling tanks whe re the 
supernatant can be drawn off and recirculated . Since the s e t t led 
solids are very obj e c t ionable , they should. not be discharged to 
pub l ic s treams or lakes ( 2 ) . The suggested ope ra t ing cond i t ions for 
the cont inuous sys tem are summarized in Table 5. 
Recommended De s ign S tandards 
Seve ral  re commenda tions concerning the design of the cont inuous 
manganese greensand sys tem are presented in Table 6. 
Table 5 .  Sugges ted Operating Criteria for Cont inuous 
Manganese Greensand Exchange/Filter Bed ( 2 3 )  
1 .  pH range: 6 . 1  - 8 . 5  
2 .  Maximum temperature: 100°F 
3 . Maximum pressure drop: 1 0- 1 2  psi ( 70 3 1 - 8437 kg/m2 ) 
4 .  Backwash rate: suf ficient to produce approxima tely 40% bed 
expans ion 
5 .  Fi ltration rate : 2-5 gpm/ft2 ( 0 . 08 - 0 . 2  m/mi n )  
6 .  Minimum greensand depth: 18  inches ( 46 em) 
7 .  Minimum anthraci te depth: 1 5  inche s ( 38 em) 
Table 6 .  Recommendations for Continuous Manganese Greensand 
Fi ltration Sys tem Design ( 2 5 )  
1 .  Pro v i s ions should be made t o  apply the permanganate as far 
ahead of the f i l te r  as prac tica l  and to a po int immediately 
be fore the fi lter . 
2 .  Othe r oxidizing agents or processes such a s  chlo rinat ion or 
aerat i on may be used prior to the addi tion of permanganate 
in reducing KMno4 chemical cos t s . 
3 . An anthraci te coal media cap of at least 6 inches ( 15 em ) 
should be-provided over the mangane se gree nsand .  
4 . The normal f i l t rat ion rate is 3 gpm/ f t 2 ( 0 . 12 m/min) .  
5 .  The normal wash ra te is 8 t o  1 0  gpm/ f t 2 ( 0 . 3 2 to 
0 . 40 m/min) .  
6 .  Air washing should be provided . 
7 .  Sample t aps should be provided 
( a ) prior to appl icat ion of permanganate 
( b) immediately ahead of the f i l ter 
( c )  at a po int be tween the anthraci te coa l  media and the 
manganese greensand 
( d )  mid-de pth of the manganese gree nsand bed 
( e )  at the f i l ter eff luent 
2 1  
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Advantages 
In mos t appl icat ions the iron and manganese water quality 
s tandards es tabl ished by the USPHS can be me t by u t i l i z ing the 
cont inuous regene rat ion process (2) . Compared to other processes , a 
manganese greensand facil ity is relat ive ly s imple to operate . 
Furt he rmore , capi tal cos ts can be reduced by as much as 50 pe rcent 
( 1 ) .  
METHODS AND MATERIALS 
Descript ion .££. Pi lot Plant 
Overview 
The pilot plant used in this study consis ted of a counter­
current ae rator , water pump , cons tant-head tank ,  upflow bas i n ,  and 
filter . Figure 4 is a photographic depicti on of the sys tem . A 
s imp l i f ied s chemat ic flow diagram of the entire p ilot unit is shown 
in Figure 5 .  
Raw Water Tap 
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As shown in Figure 6 ,  raw water for the study was tapped from 
the aerator by-pass line of the eas t t reatment plant . At this -point , 
the flow for the pilot uni t  was cont rol led by a solenoid valve . The 
solenoid opened the valve when the ae ra tors for the east t reatment 
plant we re operating . The same power source used to actuate the 
solenoid valve also cont rol led the moni toring clock ,  ae rator fan , 
aerator effluent pump , and chemical feed pump. This allowed the 
ent i re p i lot unit  to operate whenever the main plant was in 
ope ra tion . 
Aerator 
The count e r-current aerat or cons is ted of a 6- inch ( 1 5 . 2  em) 
diameter ,  4- foot ( 1 . 22 m) long column cons t ruc ted of s chedule 40 
polyvinyl chloride ( PVC ) pipe . Four t rays of perforated PVC sheet 
rock were used to d i s tribu te the water as it trickled through the 
aerator . A 55-cfm (26 liter/sec) Dayton Box Fan (Model 4C548)  was 
used to draw air upwards through the co lumn .  A photograph of the 
aerator is shown in Figure 7 .  
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Unlike Quail's pilo t plant , the raw water for this study was 
piped directly to the aerator ( 22 ) . Quail used a cons tant-head tank 
immediately before the aerator . · After several days of operation when 
it  was discovered that the so luble iron in the raw water was 
oxidizing very rapidly and forming iron precipi tates , the tank was 
remove d .  The precipi tates tended to clog the globe valve which 
controlled the flow to the aerator . Having the raw water piped 
directly to the aerator wi thout coming into contact wi th the 
atmosphere eliminated the clogging problem and facili tated more 
accurate flow rate control . 
Ae rator Eff luent Pump 
A Simmer paddle pump (Model BP20) transported the aerated water 
from the base of the aerator up to a cons tant-head tank . Quail also 
used the pump , but during the start-up phase of this study it was 
modifed slightly to inc lude a recirculation line and s ample tap 
( 2 2 ) . A photograph and schematic of the al tered pumping arrangement 
are shown in Figure 7 and 9 respectively . 
Quai l's approach , shown in Figure 8 ,  consis ted of pumping the 
aerated water direct ly up to the upf low bas in.  The discharge was 
regulated by increas ing or decreas ing the friction head wi th pinch 
clamps at tached to the garden hose be tween the pump and upf low 
bas in . However ,  because the capaci ty of the pump was much greater 
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than the required flow rates , a high friction head was neces sary . 
This produced a high pressure water j et making f low control very 
dif ficul t .  The slightest  change in the pos i tion of the hose or pinch 
clamps al tered the flow rate . Furthermore , this des ign placed a 
s train upon the water lubricated rubber pump impellor . 
In an attempt to correct these problems , the recirculation line 
was added . This line significantly reduced the capac i ty of the 
pump . By recirculating the water several t imes before it was pumped 
to the upflow bas in , the pump was allowed to operate at a lower to tal 
dynamic head . This reduced the stress on the impellor and decreas ed 
the possibility of severely damaging the impellor if the incoming 
wat�r was accident ly turned off during pump operation . A pinch clamp 
for the recirculation line and a gate valve for the discharge line 
also were inc luded for flow rat� adj us tment . 
Cons tant-Head Tank 
The cons tant-head tank was relocated to a posi tion immediately 
before the upflow bas in . This was done to control the minor 
f luc tuations in flow rate which were still occurring even af ter 
modifying the pump . The cons tant-head tank was fabrica ted from 
acrylic  plas tic and had the following dimens ions : width and length , 
1 1 . 5 in. ( 25 . 2 em);  dep th , 6 in . ( 1 5 . 2 em); cons tant liquid dep th, 
3 . 7 5 in . ( 9 . 5  em) ; and discharge depth above the bo t tom , 1 in . ( 2. 54 
em) . A gate valve was used to regulate the aera ted water as it 
f lowed by gravi t y  to the upflow bas in . 
Although this arrangement worked , it could have been improved. 
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Since the liquid dep th was controlled by a re latively small one-inch 
( 2. 54 em) diame ter overf low line, the static head tended to vary as 
the incoming flow rate change d .  The stat ic head could have been held 
more constant if a hori zontal weir had been placed across the tank . 
Figure 4. Photograph of Pilot Plant 
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Figure 6. Photograph of Raw \\Tater Tap· and Solenoid Valve Control 
Figure 7. Photograph of Aerator, Chemical Feed Reservoir, 
















Re circulation Line 
Figure 9 .  Pump Arrangement for This Study 
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3 1  
Figure 10. Constant-Head Tank 
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Figure 1 1. Final Filter 
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Upflow Bas in 
As mentioned previously , the aerated water flowed by gravi ty 
through a garden hose from the constant-head tank to the reaction 
chamber .  A nominal flow rate of 0 . 392  gpm ( 1 . 48 liters /minute ) was 
maintained throughout the s tudy . At this flow rate , the detention 
t ime in the upflow bas in was 2 . 3 hours . The effective liquid depth 
and volume were 1 18 inches ( 300 em) and 54 . 30 gallons ( 205 . 5  li ters ) , 
respective ly .  
The upflow bas in was comp.osed of an outer schedule 80 PVC pipe 
with an ins ide diame ter of 1 1 .75 inches ( 29 . 8 em) . A s ix-inch ( 1 5 . 2  
em) diame ter reaction chamber , cons truc ted wi th schedule 40 PVC pipe , 
was placed inside the outer pipe . 
Flow through the unit  was downward from the top of the reaction 
chamber ,  outward through three ports at the bottom of the chambe r ,  
and upward be tween the outer pipe and inner reaction chamber . Sludge 
s torage was provided at the bottom of the basi n .  The basin e f f luent 
was collected from 4 ports at the top of the outer pipe using a 
plas tic trough . Flow then was directed to the f i lter through a PVC 
pipe . 
Fi lter 
The filter consi s ted of a transparent schedule 80 PVC column 
·with an ins ide diameter of 6 inches ( 15 cm) (see Figure 1 1 ) .  The 
underdrain for the filter  was an aluminum box wi th a height of 9 
inches ( 23 em) and s ide dimens ions of 1 2  inches ( 3 1  em) . A 1 6-inch 
( 4 1 em) square base was welded to the bot tom for stabi l i ty . A 
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removable side pane l was provided to facili tate cleaning of the 
underdrain .  The effluent line from the filter inc luded : valving for 
the backwash line, a Hersey-Sparling water me ter ( Serial No. 440067 4 )  
that could be read to the nearest tenth o f  a gallon , and a plas tic 
riser tube wi th a diame ter of 0 . 7 5  inches ( 1 . 9  em) . A fire hose 
connected to the discharge line of the east plant ' s  high service 
water  pump s ta tion conveyed the water for backwashing . The riser 
tube maintained a minimum water depth of 7 inches ( 18 em) over the 
fi lter media . This prevented air binding and also diss ipated the 
energy of the water as it entered the fi lter from the top . 
A dual anthraci te coal-manganese greensand fil ter  med ium was 
used with 1 2 . 5  inches ( 32 em) of support gravel .  A total of 1 7.5 
inches (44 em) of manganese greensand overlaid with 1 2  inches {30 em) 
of No . 1 anthrafilt coal were placed in separate layers over the 
gravel . Table 7 provides the uni t  weight and particle size 
distribution of the an thraci te coal and manganese greensand. 
Chemical Feed Equipment 
A 32-gallon ( 1 2 1  liter ) plas tic refuse con tainer was used as a 
chemical feed reservoir for the po tassium pe rmanganate so lut ion . A 
small ho le was cut in the top of the plas tic cover to allow for the 
suction line of the chemical feed pump . The permanganate solution 
was drawn from the top of the liquid by attaching a sealed plas tic 
bottle to the inlet screen at the end of the tygon tubing . The 20 
gpd (0 . 88 ml/sec)  Wallace Tiernan ( 94- 1 00)  solution me tering pump 
lifted the pe rmanganate solution to the top of the reaction chamber 
where i t  was mixed wi th the aerated water .  
Table 7 .  Unit Weight and Particle-Size Dis tribut ion 
of the Filter Media 
Dry Uni t  
Weig�t 
kg /m D60 (mm)
1 
Uniformi ty 
Coe fficien t 
01 0  (mm )
2 ( D6o/ Dl0 ) 
Anthraci te Coal 1025 0 . 9 5 0 . 1 9  
Manganese Greensand . 1 442 0 . 5 2 0 . 35 
1 Diame ter n60corresp
onds to 60% finer in the part icle-s ize 
distribution curve . 
2Diame ter o1 0  correspond to 10% finer in the particle-si ze 
dis tribution curve . 
5 . 0  
1 . 49 
35 
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Pilot Uni t  St art-Up 
Media Placement 
Ini t ially , a 1 2-inch ( 3 0 em) layer of dry anthracite coal was 
p laced over an 1 8-inch ( 46 em) bed of d ry manganese greensand with 1 2  
inches ( 30 . 5  em) o f  suppo rt  grave l for a to tal depth o f  4 2  inches 
( 1 07 em) . Af ter backwashing , the bed expanded to a depth of 4 7  
inches ( 1 1 9 em) . This , however , was unaccept able because a so­
percent backwash expans ion could not be obtained without los ing the 
media out the backwash overflow line . Al though not known at the 
beginning of the p i lot s tudy , this expans ion phenomenon is quite 
common .  Accordi ng to the Amer i can Water Works As socia ton , provi s ion 
should be made f or ini tial expans ion of the bed because of part icle 
segregat ion . Be fore backwashing , the top sur face should be 
approxima t e ly 10 percent of the bed thickness be low the des i red 
eleva t ion ( 26 ) . 
In a second attemp t , all of the previously placed media was 
removed from the f i l te r . On June 29 , 1 979 , only l S  inches ( 38 em) o f  
dry greensand was placed over 1 2 . 0  inches ( 30 em) of  support 
grave l .  Af ter backwashing, the greensand bed expanded 1 inch ( 2 . 5  
em) and the support gravel shi f ted to an ef fec t ive depth of 1 2 . 5  
inches ( 32 em) . Addi t ional greensand was added unt il the depth was 
1 7 . 5  inches ( 44 em) af ter backwashing . This was followed by adding 
1 1  inches ( 28 em) of anthrafilt  coal . Backwashing at this s t age 
produced a f i l ter media wi th a to tal depth of 42 inche s ( 1 0 7  em) . 
Backwashing was then cont inued for two hours to remove f ine s . 
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Jar Tes t  Procedure for Es t imating Permanganate Demand 
On June 23 , 1 97 9, a j ar test was conducted using combined 
samples of aerated wate r from wells 1 and 2 .  Six samples were placed 
into 1000 ml beakers and s t irred s imultaneously . An array of varying 
KMn04 dosage s was added at 0 . 5  mg/1 increments unti l  the presence of 
unoxidized pink permanganate was observed at a dosage of 5 . 0 mg / 1 . 
It was noted that the pink color for the 5 . 0  mg/ 1 sample was s till 
vis ible the next day . 
Opt imum Permanganate Dose Rate 
To verify the j ar tes ting results , fully age the filter media , 
and get mos t  of the operational "bugs " worked out of the pi lot plant, 
9 filter runs were performed . All the runs were limi ted to a maximum 
of 24 hours because of the headloss build-up through the filter . 
Backwashing was performed for 7- 1 0  minutes af ter each filter run . 
The following treatment train was used : counter-current aeration, 
KMn04 chemical addi t ion, de tention, and filtration . The KMno4 feed 
solution was prepare-d wi th dis tilled water in the Water Quality 
Laboratory at South Dako ta State University and brought to the plant 
in 7-liter plas tic containers . 
Since the greensand had been used previously , the �dia needed 
to be regenerated . This was accomplished by increas ing the KMn04 
dose  rates from 5 to 10 and 15  mg/1 through the firs t four fil ter 
runs . On July 2,  1 97 9, while dos ing at a rate of 1 5  mg / 1 ,  the 
effluent turned pi�k indicating the presence of exces s  permanganate 
in the eff luent and a fully-regenerated bed . The chemical feed rate 
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was then adj us ted to  5 mg/ 1  for  the f i f th filter  run . A tabulat ion 
of the data from f i l ter runs 5 through 9 is shown in Table 9 .  The 
1 i di d h i d i 1 4 5 / 1  � resu  ts  n cate t e opt mum ose ra te was approx mate y • mg • 
Table 8 .  Nominal Parame ters for Start-up Opera t ion 
Aerator Flow Ra te 4 gpm/ f t 2 ( 0 . 1 6 me te r/mi n . )  
KMno4 Dosage 4- 1 5  mg/ 1  
Upf low Ba s in De tention Time 
Final Filtrat ion Ra te 
2 . 3  hrs 
2 gpm/ f t 2 ( 0 . 08 me ter/min . )  
Table 9 .  Data for Op t imum KMno4 Dose Rate 
Des ign Fil ter Run Chemical Feed 
F i l t e r  Chemi cal Feed Obs erva t ion Ra te at Time Ef fluent  
Date Run Rate ( mg/ 1) Time ( hrs ) Observed ( mg/ 1 )  Co lor 
7/ 3-4/ 7 9  5 5 . 00 2 . 0  5 . 1 1  Pink 
7/ 6-8/ 7 9  6 4 . 00 1 1 . 7 4 . 50 Pink 
7/ 6-8/ 7 9  6 4 . 00 24 . 8  4 . 46 Clear 
7 / 9- 1 0/ 79 7 4 . 7 5 5 . 2  5 . 42 Pink 
7/ 9- 1 0 / 7 9  7 4 . 7 5  1 1 . 8 4 . 8 6  Pink 
7 / 9- 1 0/ 79  7 4 . 5  2 3 . 0  4 . 59 Pink 
7/ 1 2- 1 4 / 79 8 4 . 0  1 0 . 8  4 . 29 Clear 
7/ 1 2- 1 4 / 7 9  8 4 . 0 1 9 . 0  4 . 04 Clear 
7/ 1 4- 1 5/ 79  9 5 . 0  5 . 0  5 . 09 Pink 
Operational and Sampl ing Procedures 
for the Intermi ttent Regenerat ion Mode 
Raw Water Supply 
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To maintain a cons tant water source, wells 1 and 2 we re operated 
j ointly throughout the intermi t tent regeneration s tudy . However ,  as 
it is turned out one well could have been used, thereby reducing the 
down t ime by providing an even more cons tant supply of water .  
Ini tially it was believed both wells would be necessary to meet the 
water demand for July and Augus t .  However, there was a subs tantial 
amount of rain during this period resulting in a lower than normal 
water demand which could have been met wi th one we ll . Pi lo t 
operation during this period was only about 1 2  hours each day . In 
future s tudies, the use of only one well is advisable to obtain 
longer running time s . 
Operational Practices 
On July 23 , 1 9 7 9, a 4 . 6 3 mg/1 KMn04 dose rate was producing a 
pink effluent indicating a completely regenerated contact bed .  Af ter 
backwashing the bed, the chemical feed pump was turned off . The 
ensuing filter run was the first of seven which were moni tored during 
the intermi t tent regeneration mode . All runs were limi ted to 
approximately 48 hours . Only backwashing was performed be tween each 
filter run . No additional regeneration occurred . The treatment 
process cons is ted of counter-current aeration and detention followed 
by filtration . A summary of the operational parame ters for the 
intermi t tent runs is shown in Table 10 . 
Table 10 . Nominal Operational Parame ters for the 
Inte rmi t tent Regeneration Mode 
Aerator Flow Rate 4 gpm/f t 2 { 0 . 1 6  me ter/mi n )  
KMn04 Dos age 0 . 0  mg/ 1  
Upflow Basin De tention Time 2 . 3 hrs 
Final Fil tration Rate 2 gpm/ f t2 ( 0 . 08 mete r/min ) 
Sampling 
Samples for total and soluble iron and manganese, pH, and 
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temperature were co llected at the various sampling points depicted in 
Figure 1 2 . Wi th the exception of the las t filter run, a minimum of 3 
separate se ts of samples were collected for each f i lter run at 
intervals of approximately 1 2  hours . Ini tially, the filter was 
moni tored at s ample taps 1 ,  6, 9, and 1 2 .  However, as more 
experience was obtained in the operation of the atomi c abso rpt ion 
spectropho tome ter, the number of sampling locations was increased to 
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F igure 1 2 . Samp ling Diagram f o r  the Intermi tten t 
. Regenerat ion S tud i es 
4 1 
Operational and Sampling Procedures 
for the Continuous Regeneration Mode 
Operat ional Practices  
The se studies were performed from January 3- 1 4 , 1 980 .  Only 
water from we ll 2 was used . This resulted in an operat ional t ime of 
approximately 12 hours per day . Ini tally , the contact bed was 
regenerated by adding a concentrated solution of KMn04 dire c t ly to 
the filter . The bed was backwashed the next day . The filter runs 
were limited to approximate ly 24 hours because of a cumulat ive 
headless limi tat ion . Backwashing was performed be tween each filter 
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run . No add i t ional batch-regenerating occurred . The treatment train 
cons is ted of counter-current aeration , KMn04 chemi cal addi tion, and 
de tention followed by filtration . The operational parame ters of the 
cont inuous regene ration mode are summarized in Table 1 1 . 
Table 1 1 .  Nominal Operational Parame ters for the 
.Continuous Regenera tion Mode 
Aerator Flow Rate 4 gpm/f t 2 ( 0 . 16 me ter/min ) 
KMn04 Dosage 4 mg/1 
Upflow Bas in De tention Time 2 . 3 hrs 
Final Fi l trat ion Rate 2 gpm/f t 2 ( 0 . 08 me ter/min)  
Sampling 
A total of 4 sets of samples were coliected during 3 dif ferent 
filter runs . At least one set was collected in each filter run . 
Bo th total and soluble iron and manganese , pH, temperature, 
alkalini ty , calcium hardness, and total res idue were moni tored . The 








Figure 1 3 .  Sampling Diagram for the Continuo us Regenerat ion Studies 
Analytical Procedures 
Iron and Manganese 
Ini tially , 250 mi lliliter (ml ) plas tic sampling bo ttles were 
cleaned wi th 1 : 1  HCl acid and rinsed twice wi th dis t illed water . 
Then three mi lliliters of concentrated HCl acid we re added to each 
bottle for s ample preservation by reducing the pH below two ( 27 ) . 
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Samples for soluble iron and manganese we re collected and 
immediately f i l tered through 0 . 45 - micron membrane f i l ters . A 
vacuum pump was used to aid the fil tration process . The samples were 
then transferred from an Erlenmeyer collection flask to plas tic  
sampling bo ttles . Af ter collecting each sample the Erlenmeye r flask 
was rinsed wi th disti lled water and reused . The membrane filters 
generally were used for 2 or 3 samples depending on the amount of 
res idue removed by the f ilter pad . The samples for total iron · and 
manganese we re trans ferred directly to the plas tic sampling bo ttles 
and were not filtered . 
To increase the accuracy of the iron and manganese 
determinations , most  of the samples were concentrated by a factor of 
1 0 . The evaporating dishes were cleaned wi th a boiling solution of 
1 : 1  HCl and rinsed wi th deminerali zed water . At this poin t , 100 ml 
of the sample were added to the dish and evaporated to dryness . Then 
approximately 2 ml of 1 : 5 HCl were added to redisso lve the residue . 
The solution in the evaporating dish was then trans ferred to a 1 0-ml 
volume tric f lask . This procedure was . continued with deminerali zed 
water unt il  the volume tric flask was full . 
At the beginning of the study , 1 : 1 HCl was used to redissolve 
the res idue . However , it was observed that this acid st rength 
interfered with the iron analysis by removing iron from the burne r 
head of the atomic absorption spectrophotomete r .  I n  an attempt to 
correct the problem , a 1 : 1  ammonium hydroxide solution was added to 
neutralize the acid . This technique soon was rej ected due to the 
noxious fumes produced and because it was learned a 1 : 5  HCl solution 
e liminated the problem. 
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Iron and manganese determinations were made using a Perkin-Elme r 
290-B atomic absorption spectrophotometer . A Mos ley 680 s t rip-chart 
recorder was used to record the output as relative absorbance . The 
samples were aspirated individually from 10  ml vo lume t ric flasks . 
Ini tially , the sampler for the Technicon Auto Analyzer was used . 
Thi s , however ,  produced unreliable results because changes in 
amplif ication are difficul t to de tect if a standard is no t analyzed 
immediately before and af ter a sample . Aspirating a standard , one or 
two samples , and finally a standard was cons idered much more 
reliable • The operating conditions for the atomic absorption 
ins trument are summarized in Table 1 2 .  
Stock solutions for the iron and manganese analyses we re 
prepared in accordance with Standard Me thods ( 28 ) . Combined iron and 
manganese s tandards wi th concentrations of 0 . 0 ,  0 .• 5 ,  1 . 0 ,  2 . 0 ,  4 . 0 ,  
6 . 0 ,  8 . 0 , and 10 . 0  mg/1 were made from dilutions of the stock 
solutions . The relationship be tween metal concentration and re lat ive 
absorbance was linear . Concentrated samples could be measured to the 
neares t  0 . 0 1  mg/1 whereas unconcentrated samples could be measured 
only to the neares t  0 . 1  mg/ 1 .  
Metal 
Table 1 2 . Operating Condi tions of Perkin-Elme r 290-B 
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Iron 248 . 3  144 0 . 2  Hollow Cathode 
Lamp 
Air-Ace tylene 
(oxidiz ing ) 
Manganese 279 . 5  1 99 
Temperature and pH -




Temperature and pH were measured at the locat ions depicted in 
Figures 1 2  and 1 3 .  The temperature was taken immediately af ter 
collection wi th a me rcury thermometer . A Corning 610 por table pH 
meter was used to measure the pH within 1 5  minutes of s ample 
collection . The me ter was standardized wi th a buf fe r  solu t ion prior 
to analys i s .  Temperature and pH could be measured to the neares t 
tenth and hundredth , res pectively . 
Alkalini ty 
Alkalini ty de terminations were made wi thin 1 hour after sample 
collection . Procedures out lined by the Hach Chemical Company we re 
followed ( 2 9 ) . A 50-ml sample was titrated to a pH of 4 . 5  with N/ 50 
sulfuric acid . Brom cresol green-methyl red was used as the 
indicator . The volume (in ml )  of sulfuric acid tritated was 
. mult iplied by 20 to obtain the total alkalini ty as Caco3 in mg / 1 .  
Calcium Hardnes s  
Calcium hardness tes ts were performed a t  the Water Qual ity 
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Laboratory on the SDSU campus wi thin one week of collection . Prior 
to analysi s , samples were stored in plas tic bo ttles  at 4° C .  Hach 
procedures were followed in the determinations ( 29 ) . Ten drops of 8N 
potass ium hydroxide were added to each 50 ml sample . A 0 . 1 gram 
scoop of Cal Ver II was then added .  The sample was tit rated wi th 
N/ 50  Ti tra Ver until  the color changed from red to pure blue . The 
volume titrated ( in ml )  was multiplied by 20 to obtain the calcium 
hardnes s  as Caco3 i
n mg/1 .  
Total Re s i due 
The to tal res idue analys is was conducted in accordance with 
Standard Me thods . Samples were s tored in plas t ic bo t t les at a 
temperature of 4° C  and analyzed within one week of collection . Fo r 
each analys is , a 1 00-ml sample was transferred to an evaporat ing dish 
and dried at a temperature of 103° C .  The sample was dried to a 
cons tant we ight overnight and coo led in a des i cca t o r  be f o re final 
we ighing ( 28 ) . 
Fi l t e r  Head los s  
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Fi l t e r  headlos s data were col lected af te r each sampl ing event 
for all twel ve s ampling taps . The diffe rence in water level for each 
sample  tap represented the headloss for that part i cular 3-inch 
( 7 . 6 em) sect ion . Whereas the d i f ference in e l evation be tween the 
wa ter leve l f o r  sample tap 1 and the effluent ris e r  re presented the 
to tal head loss through the f il te r .  
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RESULTS AND DISCUSSION 
Intermi ttent Regeneration Mode 
Manganese Removal 
Breakthrough curves for soluble manganese are depicted in Figure 
14 . The upper curve depicts the results for samples collected at tap 
6 .  Since tap 6 is at the anthraci te coal-greensand interface , this 
curve represents the concentration of inf luent soluble manganese 
contact ing the greensand bed . The lower curve is  the contact bed 
effluent .  Ef f luent samples collected at  tap 1 2  were be low the USPHS 
recomme nded limi t of 0 . 05 mg/ 1  prior to the breakthrough . As shown 
in the diagram, the capacity to remove soluble manganese was 
comple tely exhaus ted af ter fil tering 10 , 000 gallons of water . 
Approximate ly 0 . 097 pounds ( 1 . 55 kg/m3) of soluble manganese per 
cubi c foo t of greensand bed were removed .  Although soluble iron and 
manganese removal capaci ties ranging from 0 . 07 to 0 . 09 lbs / f t 3 ( 1 . 1 2 
to 1 . 44 kg/m3 ) are �eported in the li tera ture , these values do not 
describe . the shape of the breakthrough curve ma thematically ( 1 ) ( 2 ) . 
In an attemp t to linearize the results for the manganese breakthrough 
curve , the parame ters for a logis tic equation were de termined . 
The logis tic equation is as follows ( 30 ) : 
c 
ln ( � - 1 )  =- KN � - K C t 
c v 0 
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Figure 1 4 . Contact Bed Influent �nd E f f luent So luble Manganes e  Concent rat ions 
During the Int ermi t tent Regenerat ion Mode 
V1 
-
where C is the effluent concentration in mill igrams per liter (TON 
for activated carbon) ,  C0 the inf luent concentrat ion in mi lligrams 
per liter ( TON for activated carbon) ,  K the absorption rate 
coe ff icien t , N the absorption capacity coefficien t ,  x the bed dep th 
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in feet , v the ra te of application in fee t per day , and t the service 
t ime in days . Rearranging Equation 14 yields the following : 
C/C0 ln (-----) 
1 - C/C 0 
When the logi s tical term 
- - KN � + KC t 
0 v 
C/C 
ln ( 0 ) 
1 - C/C0 
( 1 5 )  
is plotted against t ime , the s lope o f  the line i s  equivalent t o  KC0 : 
s lope • b • I<C0 
When C/C is equal to 0 . 5 ,  the logis tical term is zero and 0 
( 1 6 )  
Nx 
c v 0 
( 1 7 )  
where t 1 corresponds to the 50 percent breakthrough intercept on the 
time axis ( 30 ) . 
The equation was originally . used to model the servi ce life of 
activated carbon for the removal of chlorine from air and later 
applied to the design of activated carbon water treatment facilities 
( 30 ) . Us ing the equation for managese greensand , however ,  was neve r 
mentioned in the literature reviewed . 
The manganese levels and filtrate volume were monitored 
throughout the study . The filtrate volume of 1 3 35 gallons was used 
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as the zero datum in determining the effective fi ltrate vo lume . This 
was the 50-percent manganese breakthrough point for the contac t bed 
inf luent at the anthracite-greensand interface , sample tap 6 .  The 
effec tive service time in days was calculated by the following 
equation : 
M t = -- ( 1 8 )  
A V 
where M is the effective filtrate volume in gallons , A the fi lter ' s  
cross-sectional area in square fee t , and V the filtra tion rate in 
gallons per day per square foot . For these s tudies the cross-
sect ional area and f i l t rat ion ra tes were 0 . 1 96 f t 2 ( . 0 1 8 2  m2 ) and 
2880 gpd / f t 2 ( 1 1 7 m3 / day/m2 ) ,  respect ively . 
Af t e r  the logi s t ical terms for the contact bed mid-de p th and 
contact bed e f f luent versus e f fect ive service t ime were plo t ted , the 
s lopes of the curves and se rvi ce time s for 50-percent  breakthrough 
we re determined ( See Table 1 3 , Figure 1 5  and Table 1 4 ) . The 
d i f ference in slopes ref lec t s  the mixing which was occurring as a 
result of backwashing . If backwashing had not been performed , a 
slope of approxima tely 1 . 1 0 als o  would have been expected for the 
contact bed mid-depth.  The K and N coef ficients were determined 
us ing the bed e f f luent data and Equat ions 19 and 20 ( 30) . 
N 
K 
- t 1 v c - 0 
X 
= ( 1 1 . 1  days ) ( 38 5  ft/ day ) ( 0 . 5 1 mg/ 1 )  
( 1 . 46 f t )  
= 1 500 mg/ 1 
= ( 1 . 1 0/day ) 
( 0 . 5 1 mg/ 1 )  
= 2 . 16 ( day mg / 1 ) - 1 
( 1 9 )  
( 20 )  
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Table 1 3 .  Tabulated Data for the Logis t ic Curves 1 
Contact Contact Con tac t Contact Contact 
Effect ive E f fe c t ive Bed Bed Bed Bed Bed · 
Fil t rate F i l t rate  Se rvi ce Influent Mid-Depth Mid-Depth Ef f luent Eff luent 
Volume Vo lume Time Soluble Hn So luble Mn C/ C Soluble Mn C/C 
( gal lons ) ( gallons ) { days ) {mg/ 1 ) { mg/ 1 ) 
0 
{mg/ 1 ) ln( 
0 
) ln(--) 
1 -C/ C  0 1
-C/ C 0 -
1 , 335 0 0 . 0 0 . 23 0 . 01 0 . 0 1  
1 , 828 493  0 . 8 7 0 . 47 0 . 0 1  0 . 02 
2 , 1 8 2  847 1 . 50 0 . 42 0 . 0 1  0 . 0 2  
2 , 644 1 , 309 2 . 3 2 0 . 48 0 . 0 1  0 . 0 1  
3 , 1 98 1 ,  863  . 3 . 29 0 . 48 0 . 0 1  0 . 02 
3 , 57 0  2 , 2 35  3 . 9 5  0 . 45 0 . 0 1 0 . 02 
3 , 907 2 , 572 4 . 55 0 . 44 0 . 01 -3 . 9 1  0 . 02 
4 , 6 1 5  3 , 280 5 . 80 0 . 5 2 0 . 1 9 -0 . 52 0 . 0 1  
5 , 200 3 , 865  6 . 83 0 . 50 0 . 1 5 -0 . 88 0 . 0 1  
5 , 9 26 4 , 59 1  8 . 1 2 0 . 53 0 . 38 1 . 07 0 . 0 1  
6 , 271 4 , 9 36 8 . 73 0 . 46 0 . 38 1 . 07 0 . 0 1  -3 . 9 1  
6 , 3 1 4  4 , 9 79 8 . 80 0 . 46 0 . 1 7  -0 . 69 0 . 07 - 1 . 84 
6 , 6 1 7  5 , 282 9 . 34 0 . 60 0 . 34 0 . 69 0 . 08 - 1 . 64 
7, 024 5 , 689  1 0 . 06 0 . 54 0 . 37 0 . 97 0 . 1 7  -0 . 69 
7 , 50 1  6 , 1 6 6  1 0 . 90 0 . 53 0 . 36 0 . 88 0 . 2 1  -0 . 39 
7 , 999 6 , 664 1 1 . 78 0 . 54 0 . 48 2 . 77 0 . 4 2 1 . 54 
8 , 038 6 , 703 1 1 . 8 5  0 . 57 0 :46 2 . 22 0 . 39 1 . 1 8  
8 , 588 7 , 2 5 3  1 2 . 83 0 . 50 0 . 49 3 . 20 0 . 4 5  2 . 0 1  
9 , 028 7 , 693  1 3 . 60 0 . 5 1 0 . 47 2 . 46 0 . 4 5 2 . 0 1  
9 , 59 3  8 , 2 58  1 4 . 60 0 . 52 0 . 50 3 . 9 1  0 . 5 1 
9 , 669 8 , 334 . 1 4 . 74 0 . 52 0 . 49 3 . 20 0 . 4 1  
10 , 653  9 , 3 1 8  1 6 . 48 0 . 56 0 . 54 0 . 5 3 
1 used C0 of 0 . 5 1  mg/ 1 manganese V1 V1 
� 0 
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I I I I I I 1 1 I 1 1 f 1 1 L _ _ _  _j_ 
0 1 2 3 4 5 6 7 8 9 10  1 1  1 2  
E f fec tive Service Time (day s )  
1 3  1 4  1 5  1 6  1 7  18  
Fi gure 1 5. Contac t Bed Lo gi s t i c  Curves fo r t h e  Breakthrough o f  Soluble Manganese 
Vt 
0\ 
Table 1 4 . Interce p t s  and Slopes for Logi s t i c Curves l 
Sample Locati on 
Contact Bed Mid-Depth 
Contact Be d  Eff luent 
Slope , b 
( days- 1 ) 
0 . 60 
1 . 1 0 
1 calculat ions are found in Appendix H and I 
Service Time 
f o r  50-percent 
B reakthrough , t 1 
( days ) 
8 . 3  
1 1 . 1 
Values of 1 500 mg/ 1  and 2 . 1 6 ( day mg/ 1 ) - 1  were obtained for N and K ,  
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res pectively . Us ing the coe f f icient s  produces the fo llowing logis tic 
equat ion . 
c 
ln (� - 1 )  = 2 . 16 ( day mg/ 1 ) - 1 ( 1 500 mg/ 1 )  x 
c v 
- 1  2 . 16 ( day mg/ 1) C t 0 
( 2 1 )  
If a s imi lar contact bed were used at the east water t rea tment plant , 
Equat ion 2 1 could  be used to predict the servi ce t ime for any soluble 
manganese· inf luent concent ra t ion , e f f luent concent rat ion , bed dep t h , 
or f i l t rat ion ra te . 
Iron Removal 
Tab le 15 summarizes the ave rage . iron reduct ions through the 
p i lot  sys t em during the intermit tent regenerat ion mode . As shown in 
t he table , the ave rage iron concentrat ion fo r the e f f luen t  was 
58 
0 . 09 mg/ 1 .  This is wel l  be low the USPHS recommended l imit of 0 . 3  
mg/ 1 .  Removal  eff iciency fo r iron was approxima t e ly 9 8  percent . In 
add i t ion , it should be noted that mos t  of the so luble ferrous iron 
was oxidized to insolub le fe rric iron during the aerat ion and upf low 
basin process es . An iron reduct ion of 20 . 2 percent o c cur red in the 
contact bed and mos t  of thi s removal took place in the uppe r 3 inches 
( 7 . 6 em) of the bed . 
Temperature , pH , and Fi lter Head los s 
Raw wat e r  and contact bed effluen t  tempe ratures ave raged 9 . 4 ° C  
and 1 2 . 0 ° C ,  re s pe c t ive ly .  The pH of the aerated wat er varied from 
7 . 6 2  to 7 . 7 0 ,  whereas , the f i l ter ef f luent pH ranged from 7 . 7 5  to 
7 . 9 1 . Headloss for this ope rat ional mode was min imal . For ins tance , 
during the 5 th filter  run , the s tatic head above the effluent  wei r  
only increased from 0 . 83 f t  ( 25 em) a t  the beginning run to 1 . 55 f t  
( 47 em )  ove r an ope rat ing period o f  2 . 5 days . Mo s t o f  the frict ional 
los ses occurred in the upper 3 inches ( 7 . 6 em) of the anthraci te coal 
as wel l  as the uppe r 3 inches ( 7 . 6  em) of the greens and contac t  bed . 
Table 1 5 . Average Iron Removal Through the Pi lo f 
Sys tem During the Intermi t tent Regenerat ion Mode 
Total So luble 
Sample Locat ion 
Raw Water - Aerator Inf luent 
Sample Tap 1 - Upf low Bas in Ef fluent 
Sample Tap 6 - Anthracite Coal Eff luent 
Sample Tap 7 -
Sample Tap 8 
Sample Tap 9 - Contact Bed Mid-Depth 
Sample Tap 1 0 
Sample Tap 1 1  
Sample Tap 1 2 - Contact Bed Effluent 
Iron Removals ,  Percent 
Through Ae rator and Upflow Bas in 
Through Anthraci te Coal Bed 
Through Greensand Contact Bed 
Through Pi lot Plant 
Iron 
(mg/ 1 ) 
4 . 3 
2 . 2  
0 . 96 
0 . 1 0  
0 . 05 
0 . 1 0 
0 . 06 
0 . 06 
0 . 09 
48 . 8  
28 . 8  
20 . 2  
9 7 . 8  
1 contact bed was ful ly regenerated prior to the s tudy 
Iron 
mg/ 1 ) 
4 . 1 
0 . 1 4 
0 . 1 0 
0 . 0 5 
0 . 0 5  
0 . 06 
0 . 07 
0 . 05  
0 . 08 













1 1  
1 2  
Table 1 6 .  Static Head Above the Ef fluent Wei r  
During the Fifth Filter Run 
Gallons Fil tered 
36 334 746 1 208 1 69 6  
Location To tal Headloss ( fee t )  
Above Fil ter  Media 0 . 83 0 . 97 1 . 09  1 . 1 9 1 . 5 5 
Surface of Coal 0 . 82 0 . 9 7  1 . 09 1 . 20 1 . 56 
0 . 77 0 . 88 0 . 94 0 . 99 1 . 1 5 
0 . 7 5 0 . 84 0 . 9 1  0 . 93 1 . 07  
0 . 7 2 0 .' 82 0 . 86 0 . 8 9  1 . 0 1  
Coal Greensand Interface 0 . 65 0 . 7 5 0 . 80 0 . 8 1 0 . 9 2 
0 . 4 9 0 . 53 0 . 54 0 . 53 0 . 57  
0 . 37 0 . 39 0 . 40 0 . 39 0 . 4 1 
Contact Bed Mid-Depth 0 . 28 0 . 29 0 . 30 0 . 30 0 . 3 1 
0 . 2 1 0 . 22 0 . 22 0 . 22 0 . 24 
0 . 1 4 0 . 1 5 0 . 16 0 . 1 5  0 . 16  
Bo t tom of  Contact Bed 0 . 08 0 . 09 0 . 08 0 . 08 0 . 08 
1Fi ltration rate 2 gpm/f t 2 ( . 08 m/min) , 6 inch ( 1 5 em) diame ter 
f il ter , intermi t tent regenerat ion mode 
60 
Cont inuous Regeneration Mode 
Manganese Removal 
Manganese removals through the pilot  sys tem are presented in 
Table 17  for the cont inuous regene ration mode . In analyzing the 
data , i t  should be noted that the KMno4 added in the upf low bas in 
increased the to tal manganese content from 0 . 6 to 1 . 7 mg/ 1  and 
decreased the soluble manganese concentrations by 87 pe rcent . Wi th 
aeration only during the intermit tent regene rat ion mode , this 
reduct ion was no more than 18 percent . Although most of the soluble 
manganese was oxi d i zed af ter pas sing through the anthraci te coal , 
comple te ext ract ion of total manganese did no t occur . The inability 
of anthraf ilt No . 1 coal to f ilter oxid ized manganese in the 
Brookings wat e r  supply als o  is documented by Quai l ( 2 2 ) . However , 
s igni f i cant reduc t ions of to tal manganese did occur in the contact 
bed thus mee t ing the USPHS recomme nded limi t at ions . 
Iron Remova l 
Iron removals through the pi lot sys tem are presented in Table 
6 1  
18 . As shown in the table , almost all the iron was oxid i zed by the 
aerat ion proces s  and permanganate addi t ion . In te rms of to tal iron , 
38 . 6  pe rcent of the removal occurred by sed imentat i on and 59 . 7  
percent by f i l t ra t ion . These result s are simi lar to those for the 
intermi t tent regene rat ion mode ( Table 1 5 ) . As was the case for the 
intermi t tent mode , to tal iron was ef fect ively removed be low the USP H S  
recommended l imit of  0 . 3 mg/ 1 .  
Table 1 7 . Average Manganese Removal Through the Pi lot Sys tem 
During the Continuous Regeneration Mode l 
Sample Location 
Raw Water - Aerator Influent 
Sample Tap 1 - Upflow Basin Ef fluent 
Sample Tap 6 - Contact Bed Influent 
Sample Tap 1 2  - Contact Bed Ef fluent 
Manganese Removals , Percent 
Through Aerator and Upflow Bas in 
Through Anthracite Coal Bed 
Through Greensand Contact Bed 
Through Pilot _Plant 
Total 
Manganese 
(mg/ 1 ) 
0 . 6  
1 . 7  
0 . 7 1  
0 . 0 2 
- 1 8 3 . 3  
165 . 0  
1 1 5 . 0 
96 . 7  
Soluble 
Manganese 
(mg/ 1 ) 
0 . 6  
0 . 08 
0 . 0 1  
0 . 0 1  
1Nominal KMn04 dosage of 4 mg/1 applied in the upflow bas in 
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Table 1 8 . Average Iron Removal Through the P i l o t  
Sys tem During the Cont inuous Regene ra t ion Mode l 
Total So luble 
Iron 
Sample Locat ion ( mg/ 1 )  
Raw Water - Aerator Inf luent 4 . 4  
Sample Tap 1 - Upflow Basin Ef fluent 2 . 7  
Sample Tap 6 - Contact Bed Inf luent 1 . 4 
Sample Tap 1 2 - Contact Bed Ef fluent 0 . 07 
I ron Removals , Percent 
Through Ae rator and Upflow Basin 38 . 6  
Through Anthraci te Coal Bed 29 . 5  
Through Greens and Contact Bed 30 . 2 
Through Pilot Plant 98 . 4 
1 Nominal KMn04 dosage of 4 mg/ 1  applied in the upflow bas in 
Iron 
(mg/ 1 )  
4 . 3  
0 . 06 
0 . 0 3  
0 . 04 
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Wa ter Stab i l i t y  
To de t e rmine whe ther the wa ter was scaling or  corros ive , the 
Lang lier Satura t ion Index ( LI) was cal culated for the e f f luent us ing 
Equat ion 22 : 
Ll = pH - pHs ( 2 2 )  
6 4 
where pH is the measured pH of the water , and pHs is the water ' s  pH 
at eaco3 saturat ion for the calcium and alkalini t y  measured ( 20 ) . A 
pos it ive LI denotes a s caling or oversaturated s tate wi th respect to 
Caco3 • Co rros ive wa ters have a negat ive index and an unde rsaturated 
cond i t i on in re lation to CaC03 · 
The saturation pH or pHs was found by de termi ning the pH at the 
i nte rsect ion of the alkalini ty and calcium curves for a Caldwell­
Lawrence ( CL )  diagram .  The CL diagram chosen was the one neares t  in 
tempe ra ture and ionic s trength for the waters s tud ied and is  
pre sented in  Figure 16  ( 22 ) . The measured parame t ers  for  to tal 
res idue , temperatu�e , pH, alkalini ty , and calcium hardness are listed 
in Table 1 9 . These values we re used to obtain the enve lope shown in 
Figure 1 6 .  A LI of +0 . 49 was cal culated us ing the pHs from the same 
figure . The pos i tive value indicates the wa ter was s l igh t ly scaling 
and not corro s ive . This  cond i t ion is usually a des i rable 
characteri s t ic for treated water . The effluent dat a  re po rted in 
Table 19 is comparable to the resul ts reported by Quail for Wel l  1 .  
In his s tud ies the LI for the raw wa ter and pilot  ef fluent were -0 . 06 
and +0 . 53 respe c t ive ly ( 22 ) . 
T E �PERATURE t DEOC l :  1 5 · 0 




· Figure 1 6 . Caldwel l  Lawrence Diagram f o r  the Contac t Bed Eff luent 
Table 1 9 . Eff luent Water Stabi lity During the Continuous 
Regene rat ion Mode 
Parame ter 
Total Re s idue ( mg/ 1 )  
Temperature ( ° C )  
pH ( uni t s )  
Alkal ini ty (mg/ 1 as eaco3 ) 
Calcium Hardness ( mg/1 as CaC03 ) 
pHs ( uni ts )  
1 7 .  30 
LI =- pH - pH8 = 7 . 79 - 7 . 30 = +0 . 49 
1 obt ained from Figure 1 6  
Head loss 
Mean 
7 1 4 
1 2 . 1  
7 . 7 9 
2 5 1  
304 
66 
At a nomi nal filt rat ion rate of 2gpm/ f t 2 ( 0 . 08 m/min ) ,  the to tal 
head loss through the f i lter was approximately 5 feet ( 1 . 5 me ters ) 
af ter 1 . 4 days of ope rat ion ( Table 20 ) . The maximum avai lable head 
for the pilot filter was only 5 feet ( 1 . 5 me ters ) ,  there fore , 
backwashing was mandatory at thi s poin t . Ext rapo lat ing this data to 
the east water t reatment p lant results in a f i lter run of 
approximately 2 days assuming 8 feet ( 2 . 4  me te rs ) as the available 
headloss for the plant ' s  fi lters . Al though longer f i l ter runs · are 
occurring under the present operational mode , a 2-day filter run is 
s t i ll compatable with the design of the east plant ( 22 ) . 
Mos t  of the headloss through the filter took place in the upper 
three inches of the anthrafilt coal and manganese greensand layers . 
This phenomenon is s imi lar to the observations noted during the 
intermit tent regeneration mod� . 
Cos t  Analysis 
An analysis was performed to determine whe ther converting the 
existing l ime sof tening plant to a manganese greensand treatment 
facili ty would be cos t-effective . A design life or repayment period 
of 20 years was used for the calculations . The rate of increase in 
chemical cos ts because of inflation was assumed to be equivalent for 
all chemicals purchased over the 20 year period . Maintenance and 
power cos ts also were assumed to be equivalent for either process . 
The average water use from 1 976  to 1 980 is shown in Table 2 1 .  
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The 1 980 chemical dose rates were used to es timate the chemical costs  
for 1 98 1 .  As shown in Table 22 , the annual cost  was e s t imated to  be 
$32 , 46 5 . This amount includes only the cos ts of those chemicals 
which would be e liminated or s ignificantly changed in concentration 












1 0  
1 1  
1 2  
Table 20 . Static Head Above the E f f luent Wei r  
During the Fourth Fi lter  Run 1 
Gal lons Fi l te red 
1 0  302 636 7 62 
Locat ion Total Head los s ( f eet ) 
Above Fi l te r  Media 0 . 89 1 . 9 7  4 . 22 4 . 84 
Sur face of Coal 0 . 84 1 . 6 6  3 . 9 2  4 . 8 1  
0 . 80 1 . 34 2 . 78 3 . 35 
0 . 7 8 1 . 23 2 . 4 1  2 . 8 3 
0 . 7 5 1 . 1 7 2 . 29 2 . 64 
Coal Greensand Inter face 0 . 69 0 . 9 2 1 . 7 2  1 . 99  
0 . 5 2  0 . 56 0 . 89 0 . 9 6 
0 . 40 0 . 4 3  0 . 5 5 0 . 58 
Con tac t  Bed Mid-Depth 0 . 3 1  0 . 3 2  0 . 3 6 0 . 36 
0 . 23 0 . 24 0 . 24  0 . 24 
0 . 1 6  0 . 1 7  0 . 1 7 0 . 1 5 
Bo t t om of  Contact Bed 0 . 09 0 . 09 0 . 09 0 . 08 
1 Nominal filtrat ion rate 2 gpm/ f t 2 ( 0 . 08 m/mi n ) ,  6 inch ( 1 5  em) 
diameter f i l te r , cont inuous regene rat ion mode 
68 
Table 2 1 . Water Treated at the Eas t Trea tment Plant 
Year Water Pumped (gallons ) 
1 97 6  553 , 786 , 000 
1 97 7  552 , 242 , 000 
1 9 78 4 1 7 , 9 1 4 , 000 
1 9 79 425 , 6 5 7 , 00 0  
1 980 5 1 5 , 1 24 , 00 0  
Average 492 , 945 , 000 
Table 22 . Es timate of 1981  Chemical Cos t s  for the Exi s ting 
Lime Sof tening Plant 1 
Chemi cal Es tima ted Es timated 
Feed Rate Chemical Use Chemical 
Type of for 1 980 for 198 1 Uni t Co s ts Cos ts 
Chemical (mg/ 1 )  ( lbs ) for 1 98 1 for 198 1 
Quicklime 1 04 . 0  427 , 560 $ 7 7 . 7 5 / 2000 lbs $ 1 6 , 62 1  
Alum 10 " 0  41 , 1 1 2  6 . 3 7 / 50 lbs 5 , 238 
KMn04 0 . 1 2 493 1 46 . 70/ 1 10 lbs 657 
Carbon Dioxide 5 . 0 20 , 556 0 . 27/lb 5 , 59 1  
Polyphosphate 1 . 0 4 , 1 1 1  1 . 06/lb 4 , 358 
To tal $32 , 465 
!Es t ima ted wa ter use for 1 98 1 is 492 , 945 , 000 gallons ( 1 , 8 65 , 800 m3 ) 
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In the continuous regeneration operational mode , chemical cos ts at a 
KMn04 dose rate of 4 mg/1 would be $22 , 9 10 annual ly for a manganese 
greensand fac i li ty . As shown in Table 23 , conver ting the lime 
sof tening plant to a greens and facility will cost  approximate ly 
70 
$ 100 , 660 . This value includes the cos ts for : removing and replacing 
the top 3 inches ( 7 . 6  em) of support grave l ,  adding 1 8  inches ( 46 em ) 
of greens and , capping the filter bed with 12  inches ( 30 em) of the 
existing anthrafilt coal media , providing a new chemical feeder , and 
adding an air wash sys tem . 
Table 23 . 198 1 Cons truction Costs for Conver ting 
to a Greensand Facility ! 
I 
2 2 , 00� ft3 Greensand Media 
370 f t 3 Gravel 
Air Wash Sys tem 
Chemical Feeder 
Engineering , Labor and Contingency ( 40% )  
$ 5 5 , 500 
900 
7 , 000 
8 , 500 
7 1 , 900 
28 , 7 60 
$ 1 00 , 660 
luni t cos ts were provided by Mr .  Gordon Lindberg , Tonka 
Equipment , Minneapolis , Minnesota 
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The cos t  analysis presented in Table 24 was conducted to de termine 
whe ther it was economically feasible for the City of Brookings to 
convert the eas t water treatment plant to a greensand facili ty . The 
cons truction cost of $ 100 , 660 was amortized over a 20-year period for 
various intere s t  rates . These annual payments were then compared to 
the difference between the chemical cos ts for the exis ting plant and 
those for a greensand treatment plant : 
Annual Lime-So f tening Cos ts 
Annual KHn04 Cos ts 
Annual Difference in Chemical Costs 
$ 3 2 , 46 5  
22 , 9 1 0  
$ 9 , 555 
Table 24 . Cos t-Effectiveness Analys is f�r KMn04 Treatment 
at a Dosage of 4 mg/1 1 ,  
Chemical Annual 
Interes t Interes t Cos t  Savings 
Rate Factor Annuity Dif ference or (Loss )  
( % )  ( A/ P )  ( $ )  ( $ )  ( $ )  
5 . 08024 8 , 07 7  9 , 55 5  1 , 478  
6 . 087 1 8  8 , 776  9 , 5 55 779  
7 . 09439 9 , 502 9 , 555 53  
8 . 1 0 18 5  10 , 253 . 9 , 5 55  ( 6 98)  
9 . 1 0955 1 1 , 028 9 , 55 5  ( 1 , 47 3 ) 
1 0  . 1 1 7 46 1 1 , 8 24 9 , 555  ( 2 , 269 ) 
1Repayment period , 20 years 
2Principal , $ 100 , 666 
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According t o  the analysis , the capital improvement is cos t -ef fect ive 
only if the c i ty can obtain a loan wi th an interest rate of  7 pe rcent 
o r  less . Although full-scale ope rat ion would be prac t i cal , i t  
appears to be only marginally feas ible o n  a cos t bas i s . Furthe rmore , 
the present l ime/ alum treatme nt me thod produces a wat e r  par t ially 
softened wi th a fai r ly cons tant hardness to a id in the ope rat ion of 
home sof tene rs . Thi s  advantage would be los t  i f  lime / alum t rea tment 
was abandoned at the east water t reatment plant . 
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CONCLUSIONS 
Based upon an examination of the data co llected and the 
experience obtained in operating the pilot uni t , the following 
conclus ions and recommendations can be made . 
1 .  Fo r bo th the intermi t tent and continuous regeneration mode , 
the manganese-greensand filter medium will effective ly remove 
i ron and manganese to. a level below the USPHS recommended 
s tandards . 
2 .  From the data collected , the logistic equation for soluble 
manganese breakthrough is as follows : 
C -1 X 1 
ln(
C
0 - 1 )  - 2 . 1 6 ( day mg / 1 ) ( 1 500 mg/ 1 ) � -2 . 1 6 ( day mg / 1 ) - C0t 
( 2 6 )  
3 . Although technically feas ible , replacing the exi s t ing 
anthraf ilt  coal media wi th a manganese greensand fil trat ion 
sys tem cannot be jus tified on a cost bas is when applying 
KMn04 at  a rate of 4 mg/ 1 .  
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RECOMMENDATIONS FOR FURTHER STUDY 
Continuous Regeneration Studies 
Es sentially all of the iron was being oxidized as a resul t of 
the aeration detention processes during the intermi t tent regeneration 
mode ( Table 1 5 ) . The soluble iron concentrations after sedimentation 
were only 0 . 1 4 mg/1 whereas the soluble manganese concent rations 
remained unchanged . Since a por tion of the KMn04 during the 
continuous regeneration mode was oxidizing soluble iron in the upf low 
bas in , there is a potent ial for a subs tantial savings if the KMn04 is 
applied after the upflow basin . The theore tical KMno4 requi rement to 
oxidize 1 mg of soluble iron and manganese is 0 . 9 1  mg and 1 . 9 2 mg , 
respective ly ( 20 ) . As indicated in the calculations shown be low , 
this amounts to a dose rate of 1 . 18 mg/1 : 
-
-
( 0 . 9 1 - mg/1 KMn04) ( Soluble Fe
2+) 
( 1 . 0 mg/1 Fe 2+) 
2+ ( 0 . 91 mg/1 KMn04) ( 0 . 1
4 mg/1 Fe ) 
( 1 . 0 mg/1 Fe 2
+
) 
0 . 1 2 mg/1 KMn04 




( 1 . 92 mg/ 1 KMn0 4) ( Soluble Mn ) 
( 1 . 00 mg/1 Mn2+) 
2+ 
( 1 . 92 mg/ 1 KMn04) ( 0 . 55 mg/ 1 Mn ) 
( 1 . 0 mg/1 Mn2+) 
1 . 06 mg/1 KMn04 
( 24 ) 
Total KHn04 Demand • x1 + � ( 25 )  
- 0 . 1 2 mg/ 1 + 1 . 06 mg/ 1 
- 1 . 1 8 mg/ 1 
The annual cos t of KMn04 based on this dosage is $ 6 , 469 . If this 
mode of operation we re implemented , the savings to the City Water 
Department would be $ 14 , 1 7 2  annually at an interest rate of 1 0-
percent . A pilo t study , however , should be· conducted to de termine 
whe ther the de tent ion t ime in the recarbonation basin is suf ficient 
to oxidize all the manganese prior to filtration . The increased 
15 
operational cos ts for home sof teners also would need to be eva luated . 
Table 25 . Cos t-Effectiveness Analysis for KMno4 Treatment 
at a Dosage of 1 . 1 8 mg/ 1 1 ' 2 
Chemical 
Interes t Interest Cos t  Annual 
Rate Factor Annui ty Di fference Savings 
( % )  ( A/ P )  ( $ ) ( $ ) ( $ ) 
7 . 09439 9 , 50 1  2 5 , 996 1 6 , 49 5  
8 . 10 1 8 5  10 , 2 5 2  25 , 99 6  1 5 , 7 44 
9 . 1 0955 1 1 , 0 27 25 , 99 6  1 4 , 9 69 
10 . 1 1 7 46 1 1 , 824 25 , 996 1 4 , 1 7 2  
1 1  . 1 2558 1 2 , 64 1  25 , 996 1 3 , 355 
12  . 1 3388 13 , 47 6  25 , 99 6  1 2 , 520 
1 3  . 1 4235 1 4 , 329 25 , 996 1 1 , 66 7  
1 4  . 1 5099 1 5 , 1 99 25 , 996 10 , 7 9 7  
1 Repayment period , - 20 years 
2Principal , $ 100 , 666 
Iron Breakthrough Studies 
Additional inves t igative s tudies could be conducted to determine 
whether the logis tics equation can be appl ied to the breakthrough of 
so luble iron for manganese greensand contact bed f i ltrat ion . 
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APPENDIX A. Total and So luble Manganese Data Intermi t tent Regene ration Mode (mg / 1 ) 
TiM 
FU- Since Up flow Contact Sample Sample Contact Sample Sample 
trate Back- Raw Balin Bed Tap Tap Bed Tap Tap 
Date Filter Volume wash Water Eff luent Inf luent 7 8 Mid-Depth 10 1 1  
1 979 R.un (gal)  hr : min T s T s T s T s T s T s T s T s 




102 3 : 19 o .  57 0 . 57 0 . 57 0 . 39 0 . 0 1  0 . 00 0 . 0 1  0 . 0 1  
7 / 24 1 294 9 : 49 0 . 59 0 . 59 0 . 56 0 . 56 0 . 01 0 . 0 1  0 . 0 1  0 . 02 
7 / 26 1 898 29 : 1 4 .  0 . 52 0 . 59 0 . 5 2  0 . 54 0 . 09 0 . 06 0 . 0 1  0 . 0 1  
7 / 27 1 1 , 335 43 : 01 0 . 65 0 . 60 0 . 60 0 . 62 0 . 26 0 . 23 0 . 01 0 . 0 1  
7 / 28 2 1 , 828 1 2 : 50 0 . 63 0 . 58 0 . 58 0 . 60 0 . 45 0 . 47 0 . 02 0 . 0 1  
7 / 29 2 2 , 182 24 : 06 0 . 60 0 . 58 0 . 60 0 . 58 0 . 45 0 . 42 0 . 02 0 . 0 1  
7 / 30 2 2 , 644 38 : 30 0 . 68 0 . 60 0 . 60 0 . 65 0 . 53 0 . 48 0 . 0 1 : 0 . 0 1  
7/31  2 3 , 1 98 56 : 35 0 . 6  0 . 6  0 . 6  0 . 53 0 . 48 0 . 48 0 . 01 0 . 01 
8/ 1 3 3 , 570 1 1 : 52 0 . 6  0 . 6  0 . 6  0 . 47 0 . 55 0 . 45 0 . 0 1  0 .0 1  
8/2 3 3 , 907 2 2 : 39 0 . 6  0 . 6  0 . 6  0 . 55 0 . 47 0 . 44 0 . 02 0 . 0 1  
8/5 3 4 , 6 1 5  4 5 : 4 1  0 . 6  0 . 6  0 . 6  0 . 60 0 . 54 0 . 5 2 0 . 22 0 . 1 9  
8/6 4 5 , 200 1 8 : 55 0 . 6  0 . 6 ·  0 . 6  0 . 57 0 . 5 1 0 . 50 0 . 17 0 . 1 5  
8/7 ' 4  5 , 9 26 42 : 36 0 . 55 0 . 6  0 . 6  0 . 49 0 . 50 0 . 53 0 . 48 0 . 48 0 . 4 2  0 . 38 
8/8 4 6 , 27 1  53 : 32 0 . 6  0 . 5  0 . 55 0 . 50 0 . 50 0 . 46 0 . 42 0 . 44 0 . 44 0 . 43 0 . 40 0·. 38 0 . 33 0 . 30 0 . 10 0 . 09 
8/8 5 6 , 3 1 4  1 : 23 0 . 45 0 . 46 0 . 42 0 . 39 · 0 . 1 8 0 . 1 7  0 . 1 0 0 . 09 0 . 08 0 . 07 
8/9 5 6 , 6 17 . 10 : 57 0 . 6  0 . 65 0 . 6  0 . 65 0 . 60 0 . 60 0 . 47 0 . 47 0 . 43 0 . 42 0 . 37 0 . 34 0 . 25 0 . 25 0 . 14 0 . 1 5 
8/ 1 1  5 7 , 024 24 : 07 0 . 5 5  0 . 6  0 . 6  0 . 57 0 . 57 0 . 54 0 . 48 0 . 47 0 . 43 0 . 42 0 . 4 2 0 . 37 0 . 32 0 . 3 2  0 . 24 0 . 24 
8/ 13 5 7 , 50 1  39 : 4 1  0 . 55 0 . 55 0 . 55 0 . 57 0 . 54 0 . 53 0 . 46 0 . 42 0 . 45 0 . 40 0 . 36 0 . 36 0 . 30 0 . 29 0 . 25 0 . 24 
8/ 15 5 7 , 999 55 : 48 0 . 6  0 . 55 0 . 6  0 . 56 0 . 51 0 . 54 0 . 53 0 . 53 0 . 5 1  0 . 48 0 . 50 0 . 48 0 . 4 5 0 . 4 1  0 . 4 5  0 . 44 
8/ 15 6 8 , 038 1 : 1 5 0 . 57 0 . 57 0 . 53 0 . 51 0 . 45 0 . 46 0 . 46 0 . 43 0 . 42 0 . 43 
8/ 1 7  6 8 , 588 1 9 : 1 3  0 . 6  0 . 6  0 . 55 0 . 54 0 . 50 0 . 50 0 . 5 1  0 . 54 . 0 . 5 2  0 . 49 0 . 48 0 . 4 9  0 . 46 0 . 4 5  0 . 4 2  0 . 4 3  
8/ 19 6 9 , 028 33 : 57 0 . 6  0 . 6  0 . 6  0 . 53 0 . 49 0 . 5 1 0 . 50 0 . 53 0 . 53 0 . 53 0 . 5 1 0 . 47 0 . 47 0 . 44 0 . 44 0 . 48 
8/21  6 9 , 593 . 52 : 19 0 . 5 5 0 . 55 0 . 55 0 . 5 5  0 . 55 0 . 52 o . s 1  o • .s 1  0 . 52 0 . 5 1  0 . 52 0 . 50 0 . 5 4  0 . 50 0 . 4 9  0 . 4 7 
8/ 21 7 9 , 669 1 : 1 2 0 . 53 0 . 52 0 . 5 1 0 . 5 1 0 . 49 0 . 49 0 . 48 0 . 48 0 . 48 0 . 47 
8/ 23 7 10 , 653 32 : 24 0 . 5 5 0 . 6  0 . 55 0 . 54 0 . 56 0 . 56 0 . 54 0 . 55 0. 54 0 . 5 3 0 . 5 6  0 . 54 0 . 5 5 0 . 5 2  0 . 53 0 . 5 2 
Mean 0 . 59 0 . 59 0 . 58 0 . 55 0 . 45 0 . 44 0 . 49 0 . 49 0 . 49 0 . 47 0 . 25 0 . 24 0 . 39 0 . 37 0 . 34 o .  34 





0 . 0 1  0 . 0 1  
0 . 01 0 . 02 
0 . 02 0 . 0 1  
0 . 01 0 . 0 1  
0 . 0 1  0 . 02 
0 . 02 0 . 02 
0 . 01 0 . 0 1  
0 . 01 0 . 02 
0 . 02 0 . 02 
0 . 01 0 . 02 
0 . 0 1  0 . 0 1  
0 . 0 1  0 . 0 1 
0 . 0 1  0 . 0 1  
0 . 01 0 . 0 1  
0 . 07 0 . 07 
0 . 09 0 . 08 
0 . 18 0 . 1 7 
0 . 23 0 . 2 1  
0 . 4 1  0 . 4 2  
0 . 40 0 . 39 
0 . 45 0 . 45 
0 . 45 0 . 45 
0 . 5 1  0 . 5 1  
0 . 44 0 . 4 1  
0 . 52 0 . 53 
0 . 16 0 . 1 6  
0 . 20 0 . 20 
co 0 
APPENDIX B.  Total and Soluble Iron Data Intermi ttent Regenerat ion Mode (mg/ 1 )  
Ti• 
Fil- Since Upflov Contact Saaple Saaple Contact Sample Sa11ple 
trate Back- law Baa in Bed Tap Tap Bed Tap Tap 
Date Filter Volu• vaab Water Effluent Influent 7 8 Mid-Depth 10 1 1  





. 102 3 : 1 9 4 . 6  4 . 4  3 . 1  0 . 1'7 0 . 1 2  0 . 36 0 . 2 1  0 . 1 1  
7/24 1 294 9 : 49 4 . 2  4 . 0 3 . 0 0 . 34 0 . 25 0 . 13 0 . 19 0 . 1 4  
7/26 1 898 29 . 14 4 . 0  4 . 1  2 . 5  0 . 3 1  0 . 7 3  0 . 23 0 . 53 0. 1 9  
7/27 1 1 , 335 4 3 : 0 1 ·5 . 3  5 . 0 2 .0 0 . 16 0 . 56 0 . 18 0 . 40 0 . 1 3  
7/28 2 1 , 828 1 2 : 50 4 . 7  5 . 0  1 . 9 0. 25 0 . 60 0 . 1 2  0 . 08 0. 05 
7/29 2 2 , 182 24 : 06 4 . 5  4 . 5  1 . 8 0 . 18 0 . 63 0 . 14 0 . 10 0 . 1 0 
7/30 2 2 , 644 38 : 30 4 . 5 4 . 3  1 . 7  0 . 1 9  1 . 0  o . os 0 . 06 0 . 0 7  
7/31 2 3 , 1 98 56 : 35 4 . 1  3 . 8  2 . 3  0 . 1 2  1 . 8 0 . 04 0 . 05 0 . 03 
8/ 1 3 3 , 57 0  1 1 : 52 4 . 2  4 . 1  2 . 2  0 . 06 0 . 28 0 . 07 0 . 02 0 . 05 
8/2 3 3 , 907 22 : 39 4 . 3  3 . 8  2 . 0  0 . 20 0 . 53 0 . 08 0 . 05 0 . 05 
8/ 5 3 4 , 6 1 5  45 : 4 1  5 . 4 5 . 2  3 . 2  0 . 04 2 . 4  0 . 05 0 . 05 0 . 05 
8/6 4 5 , 200 1 8 : 55 4 . 5  4 . 5  2 . 0  0 . 08 0 . 49 0 . 04 0 . 04 0 . 03 
8/ 7 4 5 , 9 26 . 42 : 36 3 . 9  3 . 8· 2 . 0  0 . 07 1 . 8  0 . 04 0 . 1 0  0 . 04 0 . 05 0 . 03 
8/8 4 6 , 27 1  5 3 : 32 3 . 6  3 . 5  1 . 8 1 . 2  0 . 09 0 . 08 0 . 03 0 . 05 0 . 05 0 . 06 0 . 04 0 . 04 0 . 03 0 . 05 0 . 04 
8/8 5 6 , 3 1 4  1 : 23 0 . 38 0 . 02 0 . 1 3  0 . 05 0 . 07 0 . 03 0. 06 0 . 1 5  0 . 07 0 . 04 
8/9 5 6 , 6 17 1 0 : 57 4 . 0 3 . 9  1 . 9 0 . 5  0 . 06 0 . 04 0 . 05 0 . 04 0 . 04 0 . 03 0 . 05 0 . 05 0 . 05 0 . 02 
8/ 1 1  5 7 , 024 24 : 07 4 . 0  3 . 8  2 . 0  0 . 1 2  0 . 52 0 . 03 0 . 06 0 . 06 0 . 05 0 . 02 0 . 02 0 . 02 0 . 05 0. 10 0 . 03 
8/ 1 3  5 7 , 50 1  39 : 4 1  3 . 6  3 . 6  2 . 5  0 . 10 1 . 8 0 . 07 0 . 1 2  0 . 06 0 . 05 0 . 05 0 . 04 0 . 03 0 . 03 0 . 07 0 . 05 0 . 03 
8/ 15 5 7 , 99 9  55 : 48 4 . 0  3 . 8  2 . 3  0 . 07 2 . 3 0 . 02 0 . 1 8  0 . 03 0 . 06 0 . 06 0 . 04 0 . 02 0 . 03 0 . 04 0 . 03 0 . 03 
8/ 15 6 8 , 038 1 : 15 0 . 36 0 . 07 0 . 1 4  0 . 04 0 . 08 0 . 03 0 . 08 o . os - 0 . 07 0 . 04 
8/ 1 7  6 8 , 588 1 9 : 1 3 4 . 1  3 . 9  2 . 3  0 . 05 0 . 53 0 . 03 0 . 05 0 .03 0 . 03 0 . 06 0 . 04 0 . 04 0 . 05 0 . 04 0 .04 0 . 03 
8/ 19 6 9 , 028 33 : 57 4 . 0 3 . 9 2 . 3  0 . 05 1 . 6 0 . 04 0 . 06 0 . 05 0 . 04 0 . 04 o � o5 o . o4 0 . 05 0 . 03 o . os o . os 
8/ 21 6 9 , 593 52 : 1 9 4 . 1  3 . 9  2 . 3  o . os 2 . 6  0 . 03 0 . 07 0 . 03 0 . 03 o . os 0 . 1 6  0 . 09 0 . 0 5  0 . 1 5  o . os 0 . 08 
8/21 7 9 , 669 1 : 1 2 0 . 32 0 . 04 0. 14 0 . 07 0 . 09 0 . 04 0 . 08 0 . 04 0 . 20 0 . 16 
8/23 7 1 0 , 653 32 : 24 4 . 0 3 . 9  2 . 2  0 . 1 3  0 . 80 0 . 04 0 . 10 0 . 1 0  0 . 07 o . os 0 . 04 0 . 04 0 . 1 0  0 . 05 o . os 0 . 04 
Mean 4 . 3  4 . 1  2 . 2  0 . 1 4 0 . 96 0 . 1 0 0 . 10 0 . 05 0 . 05 0 . 05 0 . 10 0 . 06 0 . 06 0 . 07 0 . 06 0 . 05 





0 . 1 2  0 . 10 
0 . 19 0 . 14 
0 . 60 0 . 37 
0 . 08 0 . 1 0 
0 . 1 2  0 . 1 3 
0 . 10 0 . 10 
0 . 07 0 . 05 
0 . 04 0 . 05 
0 . 06 0 . 05 
0 . 05 0 . 08 
0 . 05 0 . 06 
0 . 03 0 . 03 
0 .05 0 . 07 
0 . 04 0 . 05 
0 . 10 0 . 1 2  
0 . 02 0 . 03 
0 . 04 0 . 10 
0 . 03 0 . 04 
0 . 03 o . os 
0 . 1 3 0 . 05 
0 . 03 o . os 
o . os 0 . 05 
0 . 03 0 . 05 
0 . 16 0 . 04 
0 . 1 0  0 . 07 
0 . 09 0 . 08 




1 9 7 9  
7 / 24 
7 / 24 
7 / 26 
7 / 2 7  
7 / 28 
7 / 29 
7 / 30 









8/ 1 1  
8/ 1 3  
8/ 1 5  
8/ 1 5  
8 / 1 7  
8/ 1 9  
8/ 2 1  
8/ 2 1  
8/ 23 
Mean 
APPENDIX C .  Temperature and pH n.ta Intermi t tent 
Regeneration MOde 
Time Contact 
Pil- Since Contact Raw Bed 
trate Back- Ae rator Bed Water Ef fluent 
Fil ter Volume was h Effluent Ef f luent Tempera ture Te��tpe ra ture 
Run (gal )  hr : ain .�!!! .f! < •c)  c ·c >  
1 1 0 2  3 : 1 9 7 . 6 3  7 . 7 5  1 0  1 2  
1 294 9 : 49 7 . 6 2  7 . 7 5  9 1 1  
1 898 2 9 : 1 4 7 . 7 0  1 . 15 1 0  1 3  
1 1 , 3 35 4 3 : 0 1  7 . 62 7 . 7 5  9 1 2  
2 1 , 8 28 1 2 : 50 7 . 66 7 . 80 9 1 1  
2 2 , 1 8 2  24 : 06 7 . 7 0  7 . 80 9 1 2  
2 2 , 6 44 38 : 30 7 . 70 7 . 80 . 9 . 0  1 1 . 5 
2 3 , 1 98 5 6 : 35 7 . 6 8  7 . 80 9 . 0 1 1 . 2  
3 3 , 57 0  1 1 : 5 2 7 . 70 7 . 80 9 . 1  1 2 . 0 
3 3 , 907 2 2 : 39 7 . 7 0  7 . 80 1 0 . 0  1 3 . 0  
3 4 , 6 1 5  45 : 4 1  7 . 67 7 . 8 1  9 . 7  1 2 . 5  
4 5 , 200 1 8 : 55 7 . 7 0  7 . 80 1 0 . 0  1 2 . 6  
4 5 , 92 6  4 2 : 36 9 . 5  1 2 . 0  
4 6 , 27 1 5 3 : 3 2 
5 6 , 3 1 4  1 : 2 3  
5 6 , 6 1 7  1 0 : 5 7  7 . 7 0  7 . 8 5  9 . 3  1 2 . 0  
5 7 , 0 24 24 : 0 7  7 . 7 0  7 . 90 9 . 5  1 3 . 0 
5 7 , 5 0 1  39 : 4 1  7 . 70 7 . 9 1  9 . 1 1 2 . 2  
5 7 , 999 5 5 : 48 
6 8 , 0 38 1 : 1 5 
6 8 , 5 88 1 9 : 1 3 7 . 7 0  7 . 9 1  9 . 0  1 1 . 0 
6 9 , 0 28 3 3 : 57 
6 9 , 59 3  5 2 : 1 9  7 . 69 7 . 1 5 9 . 1  1 2 . 5  
7 9 , 66 9  1 : 1 2 
7 1 0 , 6 5 3  3 2 : 24 7 . 7 0  7 . 89 9 . 6  1 2 . 0  
9 . 4  1 2 . 0  




1 / 7  
1 / 1 0  
1 / 1 1  
1 / 1 4  
Mean 
8 3  
APPENDIX D .  Total and So luble Manganese Data Continuous 
Regeneration MOde (mg / 1 )  
Time 
Since Up flow Contact Contac t 
Back- KMn04 Raw Bas in Bed Bed 
Fi lter wash Dosage Water Effluent Influent Ef fluent 
Run hr : min (mg/ 1 )  T s T s T s T s 
1 25 : 25 4 . 09 0 . 6  0. 6 1 . 6  0 . 06 1 . 0  0 . 03 0 . 07 0 . 0 1 
2 1 4 : 08 4 . 1 7 0 . 6 0 . 6 1 . 9 0 . 09 0 . 5  0 . 0 1  0 . 01 0 . 0 1 
3 9 : 1 1  3 . 84 0 . 65 0 . 65 1 . 7  0 . 05 0 . 6 0 . 00 o . oo 0 . 0 1  
3 24 : 05 4 . 1 9 0 . 65 0 . 65 1 . 6 0 . 10 0 . 75 0 . 0 1  0 . 0 1 0 . 0 1  
0 . 6 0 . 6  1 . 7  0 . 08 0 . 7 1  0 . 0 1  0 . 02 0 . 0 1  
Standard Deviation 0 . 03 0 . 03 0 . 14 0 . 02 0 . 22 0 . 0 1  0 . 03 o . oo 
Date 
1 980 --
1 / 7  
1 / 10 
1 / 1 1  
1/ 1 4  
Mean 
APPENDIX E .  Total and Soluble Iron Data Continuous 
Regeneration Mode (mg/ 1 )  
Time 
Since Up flow Contac t 
Back� KMn04 Raw Bas in Bed 
Fil ter was h  Dosage Water Ef fluent Influent 
Run hr : min (mg/ 1 )  T s T s T s 
1 25 : 25  4 . 09 4 . 8 4 .6 2 . 5  0 . 02 1 . 8  0 . 03 
2 1 4 : 08 4 . 1 7 4 . 3 4 . 2  2 . 6  0 . 05 1 . 2 0 . 02 
3 9 : 1 1  3 . 84 4 . 2  4 . 2  3 . 0  0 . 05 1 . 2· 0 . 02 
3 24 : 05 4 . 1 9 4 . 4 4 . 3 2 . 7  0 . 10 1 . 5 0 . 05 
411 4 4 . 3  2 . 7  0 . 06 1 . 4  0 . 03 





0 . 1 5  0 . 03 
0 . 03 0 . 05 
0 . 03 0 . 03 
0 . 06 0 . 04 
0 . 07 0 . 04 
0 . 06 0 . 0 1 
� . 
APPENDIX F .  Temperature , pH , Calcium Hardness , Alka l inity , Total Res idue Dat a  
Continuous Regene ration Mode 
Time Contact Contact Bed Contact Contact Bed 
Since Contact Raw Bed Ef flue n t  Bed Effluent 
Back- lCMn04 . Aera tor Bed Water Effluen t  Calcium Ef f luen t  To tal 
Date Fil ter wash Dosage Ef fluent Effluent Tempe ra ture Temperature Hardne•s Alkalinity Residue 
1980 Run hr : min � 
7�8 �4 c ·c> c ·c> 
( as �g�03) ( as CaC03) 
� TTl -1- "B"!2"r • 9.0 ir:o 
1/ 10 2 14 : 08 4 . 17 7 . 70 7 . 83 9 . 5  1 2 . 5  30 1 2 5 1  749 
1/ 1 1  3 9 : 1 1  3 . 84 7 . 75  7 . 80 9 . 8 1 2 . 0  307 252 
1 / 14 3 24 : 05 4 . 19 7 . 65 7 . 78 10 .0  13 .0  307 250 697 
Mean 9 . 6  1 2 . 1 304 25 1 7 14 
Standard Deviat ion 0 . 4  0 . 9  4 1 30 
co 
� 
APPENDIX G .  Raw Water Analys is i n  mg/ 1 1 ( 3 1 )  
Parameters Wel l  1 We l l  2 -- - -- -
pH 7 . 4 7 . 4 
p Alkal i nity 0 0 
T Alkalinity 253 2 4 6  
Total Hardness ( CaC03) 5 1 8  50 1 
Calcium ( Ca )  1 30 1 27 
Magne s ium (Mg )  4 7  4 5  
Bicarbonate ( HCOJ) 309 300 
Sul fate ( S04 ) 294 290 
Iron ( Fe )  4 . 2  4 . 3 
Manganese ( Mn ) 0 . 70 o .  7 0  
Sodium ( Na) 1 9  1 7  
Potass ium (K) 3 3 
Chloride ( Cl )  1 4  2 0  
Fluoride 0 . 3  0 . 3  
Ni trate ( N03 as N) <O . l  (0 . 1 
To tal Sol ids 805 780 













1 1  
1 2  
1 3  
14 





AP PEND IX H. Logis t i c  Linear Regress ion Ca lcula t ions 
for Sample Tap 9 
E f f ec t ive C/C 
Se rvice Time ln( 0 ) 
Days 
X 
4 . 55 
5 . 80 
6 . 83 
8 . 1 2 
8 . 7 3 
8 . 80  
9 . 34  
1 0 . 06 
1 0 . 90 
1 1 . 78 
1 1 . 85 
1 2 . 83 
1 3 . 60 
1 4 . 60 
1 4 . 74 
E .a 1 5 2 . 5 3 -
Ex 1 52 . 5 3 
E = 
1 -C/ C 
y 
-3 . 9 1  
-0 . 52 
-0 . 88 
1 . 07 
1 . 07 
-0 . 69 
0 . 69 
0 . 97 
0 . 88 
2 . 7 7 
2 . 22 
3 . 20 
2 . 46 
3 . 9 1  
3 . 20 
1 6 . 44 
- :a 1 0 . 1 7 
n 1 5  
Ey 1 6 . 44 
- ,. - 1 . 1 0 
n 1 5 -
n Exy - ( Ex) ( Ey)  
n Ex2 - ( Ex ) 2
 
0 xy x2 
- 1 7 . 79 20 . 70 
-3 . 02  3 3 . 6 4 
-6 . 0 1  46 . 65  
8 . 69 65 . 9 3  
9 . 34 7 6 . 2 1  
-6 . 0 7  7 7 . 44 
6 . 44 87 . 2 4 
9 . 7 6  1 0 1 . 20 
9 . 59 1 1 8 . 8 1  
32 . 63 1 38 . 7 7 
26 . 3 1  1 40 . 4 2 
4 1 . 06 1 64 . 6 1  
3 3 . 46 1 8 4 . 9 6 
57 . 09 2 1 3 . 1 6  
4 7 . 1 7 2 1 7 . 27 
E • 248 . 65 E=- 1 6 8 7 . 0 1  
8 6  
) 
b a 
1 5 ( 248 . 65 )  - ( 1 52 . 53 ) ( 1 6 .44)  
1 5 ( 1 687 . 0 1 )  - ( 1 52 . 5 3 )
2 
- . 59 9  
a - y - bx 
- 1 . 1 0  - . 599( 1 0 . 1 7 )  
- -4 . 99 
y • a + bx • -4 . 99 + . 599(x)  
When y • 0 ,  x equals 8 . 3  












APPENDIX I .  Logis t i c  Linear Regress ion Calculat ions 
for Sample Tap 1 2  
E f fe c t ive C/ C 
Se rvi ce Time ln( 0 ) 
( Days ) 1-C/ C 
x2 0 X y xy 
8 . 7 3 -3 . 9 1  -34 . 1 3 7 6 . 2 1 
8 . 80  - 1 . 8 4 - 1 6 . 1 9 7 7 . 4 4  
9 . 34 - 1 . 68 - 1 5 . 69 1 0 1 . 2 0 
1 0 . 06 -0 . 69 - -6 . 94 8 7 . 2 4 
1 0 . 90 -0 . 36 -3 . 92 1 18 . 8 1  
1 1 . 7 8 1 . 54 1 8 . 1 4 1 38 . 7 7 
1 1 . 8 5 1 . 1 8 1 3 . 98 1 40 . 42  
1 2 . 8 3  2 . 0 1  2 5 . 7 9 1 64 . 6 1  
1 3 . 60 2 . 01 27 . 34 1 8 4 . 9 6 
�= 97 . 89 I:= - 1 . 7 4  I:=- 8 . 38 �=- 1 089 . 66 
�X 





-- = -1 . 7 4/ 9 = -0 . 1 9 3  
n 
n �xy - ( �x) ( �y)  
n rx 2 - ( �x)
2 
8 8  
) , 
9 ( 8 . 38 )  - ( 97 . 89 ) ( - 1 7 4) 
9 ( 1 089 . 66)  - ( 9 7 . 89 )
2 
245 . 7 49 
224 . 488 
- 1 . 10 
a - y - bx 
- - . 1 9 3  - ( 1 . 10) ( 1 0 . 88 )  
- - 1 2 . 2  
y • a + bx 
• - 1 2 . 2  + ( 1 . 10)x 
When y • 0,  x equals 1 1 . 1  
89 
) 
APPEND IX J .  Caldwel l Lawrence Diagram f or the 
Pilot Plant Effluent 
J O� I C  S T RENGTH: . O J SO 
C A l K �L l N l T Y - C �LC l UM l  l P P M  AS CRC 03 ) 
1 3 0 �  
2 0 0 = 
2 2 0 �  





3 4 0  
3 6 0  
3 8 0  
4 0 0  
� 20 
4 C O  
� 60 
4 e c 
500 
90 
) 
